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PREFACE 

In  no  department  of  science  is  the  slow  and  chequered  progress  of  investiga- 
tion more  conspicuous  than  in  that  bmnch  of  Geology  which  treats  of 
volcanoes.  Although  from  the  earliest  dawn  of  history,  men  had  been 
familiar  with  the  stupendous  events  of  volcanic  eruptions,  they  wei-e 
singularly  slow  in  recognizing  these  phenomena  as  definite  and  important 
parts  of  the  natural  history  of  the  earth.  Even  within  the  present  century, 
the  dominant  geologiciil  school  in  Europe  taught  that  volcanoes  were  mere 
accidents,  due  to  the  combustion  of  subterranean  beds  of  coal  casually  set 
on  fire  by  lightning,  or  by  the  decomposition  of  pyrites.  Burning  mountains, 
as  they  were  called,  were  believed  to  be  only  local  and  fortuitous  appearances, 
depending  on  the  position  of  the  coal-fields,  and  having  no  essential  con- 
nection with  the  internal  structure  and  past  condition  of  our  planet.  So  long 
as  such  fantastic  conceptions  prevailed,  it  was  impossible  that  any  solid 
progress  could  be  made  in  this  branch  of  science.  A  juster  appreciation  of 
•the  nature  of  the  earth's  interior  was  needed  before  men  could  recognize 
that  volcanic  action  had  once  been  vigorous  and  prolonged  in  many  countries, 
where  no  remains  of  volcanoes  can  now  be  seen. 

To  France,  which  has  led  the  way  in  so  many  departments  of  human 
inquiry,  belongs  the  merit  of  having  laid  the  foundations  of  the  systematic 
study  of  ancient  volcanoes.     Her  groups   of    Puys   furnished   the   earliest 
inspiration  in  this  subject,  and  have  ever  since  been  classic  ground  to  which 
the  geological  pilgrim  has  made  his  way  from  all  parts  of  the  world.     As 
far  back  as  the  year  1752,  Guettard  recognised  that  these  marvellous  hills 
were  volcanic  cones  that  had  poured  forth  streams  of  lava.     But  it  was 
'^         reserved  for  Desmarest  twelve  years  later  to  examine  the  question  in  detail, 
^         and  to  establish  the  investigation  of  former  volcanic  action  upon  a  broad 
jj         and  firm  basis  of  careful  observation  and  sagacious  inference.     His  method 
-     of  research  was  as  well  conceived  as  the  region  of  Auvergne  was  admirably 
5        fitted  to  be  the  field  of  exploration.      He  soon  discovered  that  the  volcanoes 
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of  Central  France  were  not  all  of  one  age,  but  had  made  their  appearance  in 
a  long  series,  whereof  the  individual  members  became  less  perfect  and  distinct 
in  proportion  to  their  antiquity.  Beginning  with  the  cones,  craters,  and 
lava-streams  which  stand  out  so  fresh  that  they  might  almost  be  supposed 
to  have  been  erupted  only  a  few  generations  ago,  Desmarest  traced  the 
volcanic  series  backward  in  time,  through  successive  stages  of  the  decay  and 
degradation  wrought  upon  them  by  the  influence  of  the"  atmosphere,  rain 
and  running  water.  He  was  thus  able,  as  it  were,  to  watch  the  gradual 
obliteration  of  the  cones,  the  removal  of  the  ashes  and  scorice,  and  the 
erosion  of  the  lava-streams,  until  he  could  point  to  mere  isolated  remnants 
of  lava,  perched  upon  the  hills,  and  overlooking  the  valleys  which  had  been 
excavated  through  them.  He  showed  how  every  step  in  this  process  of 
denudation  could  be  illustrated  by  examples  of  its  occurrence  in  Auvergne, 
and  how,  in  this  way,  the  various  eruptions  could  be  grouped  according  to 
their  place  in  the  chronological  sequence.  To  this  illustrious  Frenchman 
geology  is  thus  indebted,  not  only  for  the  foimdation  of  the  scientific  study 
of  former  volcanic  action,  but  for  the  first  carefully  worked  out  example  of 
the  potency  of  subserial  erosion  in  the  excavation  of  valleys  and  the  trans- 
formation of  the  scenery  of  the  land. 

While  these  fruitful  researches  were  in  progress  in  France,  others  of 
hardly  less  moment  were  advancing  in  Scotland.  There  likewise  Nature  had 
provided  ample  material  to  arrest  the  attention  of  all  who  cared  to  make 
themselves  acquainted  with  the  past  histoiy  of  our  globe.  Hutton,  as  a 
part  of  his  immortal  Tlieory  of  the  Earthy  had  conceived  the  idea  that 
much  molten  material  had  been  injected  from  below  into  the  terrestrial 
crust,  and  he  had  found  many  proofs  of  such  intrusion  among  the  rocks 
alike  of  the  Lowlands  and  Highlands  of  his  native  countiy.  His  observa- 
tions, confirmed  and  extended  by  Playfair  and  Hall,  and  subsequently  by 
Maccidloch,  opened  up  the  investigation  of  the  subterranean  phases  of 
ancient  volcanic  action. 

Under  the  influence  of  these  great  pioneers,  volcanic  geology  would  have 
made  steady  and  perhaps  rapid  progress  in  the  later  decades  of  last  century, 
and  the  earlier  years  of  the  present,  but  for  the  theoretical  views  unfortunately 
adopted  by  Werner.  That  illustrious  teacher,  to  whom  volcanoes  seemed  to 
be  a  blot  on  the  system  of  nature  which  he  had  devised,  did  all  in  his 
power  to  depreciate  their  importance.  Adopting  the  old  and  absurd  notion 
that  they  were  caused  by  the  combustion  of  coal  under  ground,  he  laboured 
to  show  that  they  were  mere  modern  accidents,  and  had  no  connection  with 
his  universal  formations.  He  proclaimed,  as  an  obvious  axiom  in  science, 
that  the  basalts,  so  widely  spread  over  Central  and  Western  Euroi>e,  aiiA 
which  the  observations  of  Desmarest  had  shown   to  mark  the  sites  of  olA 
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volcanoes,  were  really  chemical  precipitates  from  a  primeval  universal  ocean. 
Yet  he  had  actually  before  him  in  Saxony  examples  of  basalt  hills  which 
entirely  disprove  his  assertiona 

Fortunately  for  the  progress  of  natural  knowledge,  Werner  disliked  the 
manual  labour  of  penmanship.  Consequently  he  wrote  little.  But  his  wide 
range  of  acquirement,  not  in  mineralogy  only,  his  precision  of  statement,  his 
absolute  certainty  about  the  truth  of  his  own  opinions,  and  his  hardly 
disguised  contempt  for  opinions  that  diflfered  from  them,  combined  with  his 
enthusiasm,  eloquence  and  personal  charm,  fired  his  pupils  with  emulation 
of  his  zeal  and  turned  them  into  veritable  propagandists.  Misled  as  to  the 
structure  of  the  country  in  which  their  master  taught,  and  undisciplined  to 
investigate  nature  with  an  impartial  mind,  they  travelled  into  other  lands 
for  the  purpose  of  applying  there  the  artificial  system  which  they  had  learnt 
at  Freiberg.  The  methodical  but  cumbrous  terminology  in  which  Werner 
had  trained  them  was  translated  by  them  into  their  own  languages,  where  it 
looked  still  more  uncouth  than  in  its  native  Grerman.  Besides  imbibing 
their  teacher's  system,  they  acquired  and  even  improved  upon  his  somewhat 
disdainful  manner  towards  all  conclusions  difterent  from  those  of  the  Saxon 
Mining  School. 

Such  was  the  spirit  in  which  the  pupils  of  Werner  proceeded  to  set  the 
"  geognosy  "  of  Europe  to  rights.     The  views,  announced  by  Desmarest,  that 
various  rocks,  far  removed  from  any  active  volcano,  were  yet  of  volcanic  origin, 
had  been  slowly  gaining  ground  when  the  militant  students  from  Saxony 
spread  themselves  over  the  Continent.     These  views,  however,  being  irrecon- 
cilable with  the  tenets  enunciated  from  the  Freiberg  Chair,  were  now  either 
ignored  or  contemptuously  rejected.    Werner's  disciples  loved  to  call  themselves 
by  their  teacher's  term  "geognosts,"  and  claimed  that  they  confined  them- 
selves to  the  strict  investigation  of  fact  with  regard  to  the  structure  of  the 
earth,  in  apparent  unconsciousness  that  their  terminology  and  methods  were 
founded  on  baseless  assumptions  and  almost  puerile  hypothesea 

With  such  elements  ready  for  controversy,  it  was  no  wonder  that  before 

long  a  battle  arose  over  the  origin  of  basalt  and  the  part  played  by  volcanoes 

in  the  past  history  of  the  globe.     The  disciples  of  Werner,  champions  of  a 

universal  ocean  and  the  deposition  of  everything  from  water,  were  dubbed 

JTeptunists,  while  their  opponents,  equally  stubborn  in  defence  of  the  potency 

^i  volc6inic  fire,  were  known  as  Vulcanists  or  Plutonists.     For  more  than  a 

generation  this  futile  warfare  was  waged  with  extraordinary  bitterness — 

dc^gmatism  and  authority  doing  their  best  to  stop  the  progress  of  impartial 

observation  and  honest  opinion. 

One  of  the  most  notable  incidents  in  the  campaign  is  to  be  found  in  the 
^^y  in   which  the  tide  of  battle  was  at  last  turned  against  the  Wernerians. 
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Cu\der  tells  us  that  when  some  of  the  ardent  upholders  of  the  Freiberg  faith 
came  to  consult  Desmarest,  the  old  man,  who  took  no  part  in  the  fray,  would 
only  answer,  "  Go  and  see."  He  felt  that  in  his  memoir  and  maps  he  had 
demonstrated  the  truth  of  his  conclusions,  and  that  an  unprejudiced  observer 
had  only  to  visit  Auvergne  to  be  convinced. 

By  a  curious  irony  of  fate  it  was  from  that  very  Auvergne  that  the 
light  broke  which  finally  chased  away  the  Wernerian  darkness,  and  it  was 
by  two  of  Werner's  most  distinguished  disciples  that  the  reaction  was 
begun. 

Daubuisson,  a  favourite  pupil  of  the  Freiberg  professor,  had  written  and 
published  at  Paris  in  1803  a  volume  on  the  Basalts  of  Saxony,  conceived 
in  the  true  Wernerian  spirit,  and  treating  these  rocks,  as  he  had  been 
taught  to  regard  then,  as  chemical  precipitates  from  a  former  universal 
ocean.  In  the  following  year  the  young  and  accomplished  Frenchman 
went  to  Auvergne  and  the  Vivarais  that  he  might  see  with  his  own  eyes 
the  alleged  proofs  of  the  volcanic  origin  of  basalt.  Greatly  no  doubt  to  his 
own  surprise,  he  found  these  proofs  to  be  irrefragable.  With  praiseworthy 
frankness  he  lost  no  time  in  publicly  announcing  his  recantation  of  the 
Wernerian  doctrine  on  the  subject,  and  ever  afterwards  he  did  good  ser\4ce 
in  making  the  cause  of  truth  and  progress  prevail. 

Still  more  sensational  was  the  conversion  of  a  yet  more  illustrious 
prophet  of  the  Freiberg  school — the  great  Leopold  von  Buch.  He  too 
had  been  educated  in  the  strictest  Wernerian  faith.  But  eventually,  after 
a  journey  to  Italy,  he  made  his  way  to  Auvergne  in  1802,  and  there,  in 
presence  of  the  astonishing  volcanic  records  of  that  region,  the  scales  seem 
to  have  fallen  from  his  eyes  also.  With  evident  reluctance  he  began  to 
doubt  his  master's  teaching  in  regard  to  basalt  and  volcanoes.  He  went  into 
raptures  over  the  clear  presentation  of  volcanic  phenomena  to  be  found  in 
Central  France,  traced  each  detail  among  the  puys,  as  in  the  examination  of 
a  series  of  vast  models,  and  remarked  that  while  we  may  infer  what  takes 
place  at  Vesuvius,  we  can  actually  see  what  has  transpired  at  the  Puy  de 
Pariou.  With  the  enthusiasm  of  a  convert  he  rushed  into  the  discussion 
of  the  phenomena,  but  somehow  omitted  to  make  any  mention  of  Des- 
marest, who  had  taught  the  truth  so  many  years  before. 

Impressed  by  the  example  of  such  men  as  Daubuisson  and  Von  Buch, 
the  Wernerian  disciples  gradually  slackened  in  zeal  for  their  master's  tenets. 
They  clung  to  their  errors  longer  perhaps  in  Scotland  than  anywhere  else 
out  of  Germany — ^a  singular  paradox  only  explicable  by  another  personal 
influence.  Jameson,  trained  at  Freiberg,  carried  thence  to  the  University  of 
Edinburgh  the  most  implicit  acceptance  of  the  tenets  of  the  Saxon  school, 
and   continued   to  maintain  the  aqueous  origin  of  basalt  for  many  years 
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after  the  notion  had  been  abandoned  by  some  of  his  most  distinguished 
contemporaries.  But  the  error,  though  it  died  hard,  was  confessed  at  last 
even  by  Jameson. 

After  the  close  of  this  protracted  and  animated  controversy  the  study 
of  former  volcanic  action  resumed  its  pleice  among  the  accepted  subjects 
of  geological  research.  From  the  peculiarly  favourable  structure  of  the 
country,  Britain  has  been  enabled  to  make  many  important  contributions 
to  the  investigation  of  the  subject.  De  la  Beche,  Murchison  and  Sedgwick 
led  the  way  in  recognizing,  even  among  the  most  ancient  stratified  forma- 
tions of  England  and  Wales,  the  records  of  contemporaneous  volcanoes  and 
of  their  subterranean  intrusions.  Scrope  threw  himself  with  ardour  into 
the  study  of  the  volcanoes  of  Italy  and  of  Central  France.  Maclaren 
made  known  the  structure  of  some  of  the  volcanic  groups  of  the  lowlands  of 
Scotland.  Eamsay,  Selwyn,  and  Jukes,  following  these  pioneers,  were  the 
first  to  map  out  a  Palaeozoic  volcanic  region  in  ample  detail.  Sorby,  apply- 
ing to  the  study  of  rocks  the  method  of  microscopic  examination  by  thin 
slices,  devised  by  William  Nicol  of  Edinburgh  for  the  study  of  fossil  plants, 
opened  up  a  new  and  vast  field  in  the  domain  of  observational  geology,  and 
furnished  the  geologist  with  a  key  to  solve  many  of  the  problems  of  vol- 
canism.  Thus,  alike  from  the  stratigraphical  and  petrographical  sides,  the 
igneous  rocks  of  this  country  have  received  constantly  increasing  attention. 

The  present  work  is  intended  to  offer  a  summary  of  what  has  now  been 
ascertained  regarding  the  former  volcanoes  of  the  British  Isles.  The 
subject  has  occupied  much  of  my  time  and  thought  all  through  life. 
Born  among  the  crags  that  mark  the  sites  of  some  of  these  volcanoes,  I  was 
led  in  my  boyhood  to  interest  myself  in  their  structure  and  history.  The 
fascination  which  they  then  exercised  has  lasted  till  now,  impelling  me  to 
make  myself  £icquainted  with  the  volcanic  records  all  over  our  islands, 
and  to  travel  into  the  volcanic  regions  of  Europe  and  Western  America  for 
the  purpose  of  gaining  clearer  conceptions  of  the  phenomena. 

From  time  to  time  during  a  period  of  almost  forty  years  I  have  com- 
municated chiefly  to  the  Greological  Society  of  London  and  the  Eoyal  Society 
of  Edinburgh  the  results  of  my  researches.  As  materials  accumulated,  the 
desire  arose  to  combine  them  into  a  general  narrative  of  the  whole  progress 
of  volcanic  action  from  the  remotest  geological  periods  down  to  the  time 
when  the  latest  eruptions  ceased.  An  opportunity  of  partially  putting  this 
design  into  execution  occurred  when,  as  President  of  the  Greological  Society, 
the  duty  devolved  upon  me  of  giving  the  Annual  Addresses  in  1891  and 
1892.  Within  the  limits  permissible  to  such  essays,  it  was  not  possible  to 
present  more  than  a  full  summary  of  the  subject.  Since  that  time  I  have 
continued  my  researches  in  the  field,  especially  among  the  Tertiary  vol- 
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canic  ai^eas,  and  have  now  expanded  the  two  Addresses  by  the  incorporation 
of  a  large  amount  of  new  matter  and  of  portions  of  my  published 
papers. 

In  the  onward  march  of  science  a  book  which  is  abreast  of  our  know- 
ledge to-day  begins  to  be  left  behind  to-morrow.  Nevertheless  it  may 
serve  a  useful  purpose  if  it  does  no  more  than  make  a  definite  presentation 
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GENERAL  PEINCIPLES  AND  METHODS  OF  INVESTIGATION 


CHAPTER    I 

Earliest  Knowledge  of  Volcanoes — Their  Influence  on  Mythology  and  Superstition — Part 
taken  by  Volcanic  Rocks  in  Scenery — Progress  of  the  Denudation  of  Volcanoes — 
Value  of  the  Records  of  former  Volcanoes  as  illustrating  Modern  Volcanic  Action — 
Favourable  Position  of  Britain  for  the  Study  of  this  Subject. 

Among  the  influences  which  affected  the  infancy  of  mankind,  the  most 
potent  were  those  of  environment.  Whatever  in  outer  nature  stimulated  or 
repressed  courage,  inventiveness,  endurance,  whatever  tended  to  harden  or 
to  weaken  the  bodily  faculties,  whatever  appealed  to  the  imagination  or 
excited  the  fancy,  became  a  powerful  factor  in  human  development. 

Thus,  in  the  dawn  of  civilization,  the  frequent  recurrence  of  earthquakes 
and  volcanic  eruptions  throughout  the  basin  of  the  Mediterranean  could  not 
but  have  a  marked  effect  on  the  peoples  that  dwelt  by  the  borders  of  that 
sea.  While  every  part  of  the  region  was  from  time  to  time  shaken  by 
underground  commotion,  there  were  certain  places  that  became  specially 
noteworthy  for  the  wonder  and  terror  of  their  catastrophes.  When,  after 
successive  convulsions,  vast  clouds  of  black  smoke  rose  from  a  mountain  and 
overspread  the  sky,  when  the  brightness  of  noon  was  rapidly  replaced  by 
the  darkness  of  midnight,  when  the  air  grew  thick  with  stifling  dust  and  a 
rain  of  stones  and  ashes  fell  from  it  on  all  the  surrounding  country,  when 
streams  of  what  looked  like  liquid  fire  poured  forth  and  desolated  gardens, 
vineyards,  fields  and  villages — then  did  men  feel  sure  that  the  gods  were 
angry.  The  contrast  between  the  peacefulness  and  beauty  of  the  ordinary 
landscape  and  the  hideous  warfare  of  the  elements  at  these  times  of  volcanic 
fury  could  not  but  powerfully  impress  the  imagination  and  give  a  colour  to 
early  human  conceptions  of  nature  and  religion. 

It  was  not  only  in  one  limited  district  that  these  manifestations  of 
underground  convulsion  showed  themselves.  The  islands  of  the  -^ean 
had  their  volcanoes,  and  the  Greeks  who  dwelt  among  them  watched  their 
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glowing  fires  by  night  and  their  clouds  of  steam  by  day,  culminating  now 
and  then  in  a  stupendous  explosion,  like  that  which,  in  prehistoric  time, 
destroyed  the  island  of  Santorin.  As  the  islanders  voyaged  eastward  they 
would  see,  on  the  coast  of  Asia  Minor,  the  black  bristling  lavas  of  the 
"  Burnt  Country,"  perhaps  even  then  flowing  from  their  rugged  heaps  of 
cindei*s.  Or  when,  more  adventurously  still,  they  sailed  westward  into  the 
Tyrrhenian  waters,  they  l^eheld  the  snowy  cone  of  Etna,  with  its  dark 
canopy  of  smoke  and  the  lurid  nocturnal  gleam  of  its  fires ;  while  from  time 
to  time  they  witnessed  there  on  a  still  more  stupendous  scale  the  horrors  of 
a  great  volcanic  eruption. 

From  all  sides,  therefore,  the  early  Greek  voyagers  would  carry  back 
to  the  mother-country  man^ellous  tales  of  convulsion  and  disaster.  They 
would  tell  how  the  sky  rapidly  darkened  even  in  the  blaze  of  mid-day,  how 
the  land  was  smothered  with  dust  and  stones,  how  over  the  sea  there  spread 
such  a  covering  of  ashes  that  tlie  oarsmen  could  hardly  drive  their  vessels 
onward,  how  red-hot  stones,  whirling  high  overhead,  rained  down  on  sails  and 
deck,  and  crushed  or  burnt  wliatever  they  fell  upon,  and  how,  as  the  earth 
shook  and  the  sea  rose  in  sudden  waves  and  the  mountain  gave  forth  an 
appalling  din  of  constant  explosion,  it  verily  seemed  that  the  end  of  the 
world  had  come. 

To  the  actual  horrors  of  such  scenes  there  could  hardly  fail  to  be  added 
the  usual  embellishments  of  travellers'  tales.  Thus,  in  tlie  end,  the  volcanoes 
of  the  Mediterranean  basin  came  to  play  a  not  unimportant  part  in  Hellenic 
mythology.  They  seemed  to  stand  up  as  everlasting  memorials  of  the 
victory  of  Zeus  over  the  giants  and  monsters  of  an  earlier  time.  And  as 
the  lively  Greek  beheld  Blount  Etna  in  eruption,  his  imagination  readily 
pictured  the  imprisoned  Titan  buried  under  the  l)urning  roots  of  the  mount- 
ain, breathing  forth  fire  and  smoke,  and  convulsing  the  country  far  and 
near,  as  he  turned  himself  on  his  uneasy  pallet. 

When  in  later  centuries  the  scientific  spirit  began  to  displace  the 
popular  and  mythological  interpretation  of  natural  phenomena,  the  existence 
of  volcanoes  and  their  extraordinary  phenomena  oflered  a  fruitful  field  for 
speculation  and  conjecture.  As  men  journeyed  outward  from  the  Medi- 
terranean cradle  of  civilization,  they  met  with  volcanic  manifestations  in 
many  other  parts  of  the  world.  When  they  eventually  penetrated  into  the 
Far  East,  they  encountered  volcanoes  on  a  colossal  scale  and  in  astonishing 
abundance.  When  they  had  discovered  the  New  World  they  learnt  that,  in 
that  hemisphere  also,  "  burning  mountains  "  were  numerous  and  of  gigantic 
dimensions.  Gradually  it  was  ascertained  that  vast  lines  of  volcanic  activity 
encircle  the  globe.  By  slow  degrees  the  volcano  was  recognized  to  be  as 
normal  a  part  of  the  mechanism  of  our  planet  as  the  rivers  that  flow  on  the 
terrestrial  surface.  And  now  at  last  men  devote  themselves  to  the  task  of 
critically  watching  the  operations  of  volcanoes  with  as  much  enthusiasm  as 
they  display  in  the  investigation  of  any  other  department  of  nature.  They 
feel  that  their  knowledge  of  the  earth  extends  to  little  beyond  its  mere  outer 
skin,  and  that  the  mystery  which  still  hangs  over  the  vast  interior  of  the 
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planet  can  only,  if  ever,  be  dispelled  by  the  patient  study  of  these  vents  of 
communication  between  the  interior  and  the  surface. 

If,  however,  we  desire  to  form  some  adequate  idea  of  the  part  which 
volcanic  action  has  played  in  the  past  history  of  the  earth,  we  should  be 
misled  were  we  to  confine  our  attention  to  the  phenomena  of  the  eruptions 
of  the  present  day.  An  attentive  examination  of  any  modern  volcano  will 
convince  us  that  of  some  of  the  most  startling  features  of  an  eruption  no 
enduring  memorial  remains.  The  convulsive  earthquakes  that  accompany  a 
great  volcanic  paroxysm,  unless  where  they  actually  fissure  the  ground,  leave 
little  or  no  trace  behind  them.  Lamentably  destructive  as  they  are  to 
human  life  and  property,  the  havoc  which  they  work  is  mostly  superficial. 
In  a  year  or  two  the  ruins  have  been  cleared  away,  the  earth-falls  have  been 
healed  over,  the  prostrated  trees  have  been  removed,  and,  save  in  the  memories 
and  chronicles  of  the  inhabitants,  no  record  of  the  catastrophe  may  sur\'ive. 
The  clouds  of  dust  and  showers  of  ashes  which  destroyed  the  crops  and 
crushed  in  the  roofs  of  houses  soon  disappear  from  the  air,  and  the  cover- 
ing which  they  leave  over  the  surface  of  a  district  gradually  mingles  with 
the  soil.  Vegetation  eventually  regains  its  place,  and  the  landscape  becomes 
again  as  smiling  as  before. 

Even  where  the  materials  thrown  out  from  the  crater  accumulate  in 
much  greater  mass,  where  thick  deposits  of  ashes  or  solid  sheets  of  lava  bury 
the  old  land-surface,  the  look  of  barren  desolation,  though  in  some  cases  it 
may  endure  for  long  centuries,  may  in  others  vanish  in  a  few  years.  The 
surface-features  of  the  district  are  altered  indeed,  but  the  new  topography 
soon  ceases  to  look  new.  Another  generation  of  inhabitants  loses  recollec- 
tion of  the  old  landmarks,  and  can  liardly  realize  that  what  has  become  so 
familiar  to  itself  differs  so  much  from  what  was  familiar  to  its  fathers. 

But  even  when  the  volcanic  covering,  thus  thrown  athwart  a  wide  tract 
of  country,  has  been  concealed  under  a  new  growth  of  soil  and  vegetation,  it 
still  remains  a  prey  to  the  ceaseless  processes  of  decay  and  degradation  which 
everywhere  att'ect  the  surface  of  the  land.  No  feature  of  a  modern 
volcano  is  more  impressive  than  the  lesson  which  it  conveys  of  the  reality 
and  potency  of  this  continual  waste.  The  northern  slopes  of  Vesuvius,  for 
example,  are  trenched  with  deep  ravines,  which  in  the  course  of  centuries 
have  been  dug  out  of  the  lavas  and  tufi's  of  Monte  Somma  by  rain  and 
melted  snow.  Year  by  year  these  chasms  are  growing  deeper  and  wider, 
while  the  ridges  between  them  are  becoming  narrower.  In  some  cases, 
indeed,  the  intervening  ridges  have  been  reduced  to  sharp  crests  which  are 
split  up  and  lowered  by  the  unceasing  influence  of  the  weather.  The  slopes 
of  such  a  volcanic  cone  have  been  aptly  compared  to  a  half-opened  umbrella. 
It  requires  little  effort  of  imagination  to  picture  a  time,  by  no  means 
remote  in  a  geological  sense,  when,  unless  renovated  by  the  effects  of  fresh 
eruptions,  the  cone  will  have  been  so  levelled  with  the  surrounding  country 
that  the  peasants  of  the  future  will  trail  their  vines  and  build  their  cots  over 
the  site  of  the  old  volcano,  in  happy  ignorance  of  what  has  been  the  history 
of  the  ground  beneath  their  feet. 
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What  is  here  predicted  as  probable  or  certain  in  the  future  has 
undoubtedly  happened  again  and  again  in  the  past.  Over  many  districts  of 
Europe  and  Western  America  extinct  volcanoes  may  be  seen  in  every  stage 
of  decay.  The  youngest  may  still  show,  perfect  and  bare  of  vegetation,  their 
cones  and  their  craters,  with  the  streams  of  lava  that  escaped  from  them. 
Those  of  older  date  have  been  worn  down  into  mere  low  rounded  hills,  or 
the  whole  cone  has  been  cleared  away,  and  there  is  only  left  the  hard  core 
of  material  that  solidified  in  the  funnel  below  the  surface.  The  lava-sheets 
have  been  cut  through  by  streams,  and  now  remain  in  mere  scattered  patches 
capping  detached  hills,  which  only  a  trained  eye  can  recognize  as  relics  of 
a  once  continuous  level  sheet  of  solid  rock. 

By  this  resistless  degradation,  a  volcanic  district  is  step  by  step  stripped 
of  every  trace  of  its  original  surface.  All  that  the  eruptions  did  to  change 
the  face  of  the  landscape  may  be  entirely  obliterated.  Cones  and  craters, 
ashes  and  lavas,  may  be  gradually  eflaced.  And  yet  enough  may  be  left  to 
enable  a  geologist  to  make  sure  that  volcanic  action  was  once  rife  there. 
As  the  volcano  marks  a  channel  of  direct  communication  between  the 
interior  of  the  earth  and  the  atmosphere  outside,  there  are  subterranean  as 
well  as  superficial  manifestations  of  its  activity,  and  while  the  latter  are 
removed  by  denudation,  the  former  are  one  by  one  brought  into  light.  The 
progress  of  denudation  is  a  process  of  dissection,  whereby  every  detail  in  the 
structure  of  a  volcano  is  successively  cut  down  and  laid  bare.  But  for  this 
process,  our  knowledge  of  the  mechanism  and  history  of  volcanic  action 
would  be  much  less  full  and  definite  than  happily  it  is.  In  active  volcanoes 
the  internal  and  subterranean  structure  can  only  be  conjectured ;  in  those 
of  ancient  date,  which  have  been  deeply  eroded,  this  underground  structure 
is  open  to  the  closest  examination. 

By  gathering  together  evidence  of  this  nature  over  the  surface  of  the 
globe,  we  learn  that  abundantly  as  still  active  volcanoes  are  distributed  on 
that  surface,  they  form  but  a  small  fraction  of  the  total  number  of  vents 
which  have  at  various  times  been  in  eruption.  In  Italy,  for  example,  while 
Vesuvius  is  active  on  the  mainland,  and  Etna,  Stromboli  and  Volcano 
display  their  vigour  among  the  islands,  there  are  scores  of  old  volcanoes  that 
have  been  silent  and  cold  ever  since  the  beginning  of  history,  yet  show  by 
their  cones  of  cinders  and  streams  of  bristling  lava  that  they  were  energetic 
enough  in  their  day.  But  the  Italian  volcanic  region  is  only  one  of  many 
to  be  found  on  the  European  Continent.  If  we  travel  eastward  into  Hun- 
gary, or  northward  into  the  Eifel,  or  into  the  heart  of  France,  we  encounter 
abundant  cones  and  craters,  many  of  them  so  fresh  that,  though  there  is  no 
historical  record  of  their  activity,  they  look  as  if  they  had  been  in  eruption 
only  a  few  generations  ago. 

But  when  the  geologist  begins  to  search  among  rocks  of  still  older  date 
than  these  comparatively  recent  volcanic  memorials,  he  meets  with  abund- 
ant relics  of  far  earlier  eruptions.     And  as  he  arranges  the  chronicles  of  the 
earth's  history,  he  discovers  that  each  section  of  the  long  cycle  of  geological- 
ages  has  preserved  its  records  of  former  volcanoes.     In  a  research  of  thi 
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kind  he  can  best  realize  how  much  he  owes  to  the  process  of  denudation. 
The  volcanic  remains  of  former  geological  periods  have  in  most  cases  been 
buried  under  younger  deposits,  and  have  sunk  sometimes  thousands  of  feet 
below  the  level  of  the  sea.  They  have  been  dislocated  and  upheaved  again 
during  successive  commotions  of  the  terrestrial  crust,  and  have  at  last  been 
revealed  by  the  gradual  removal  of  the  pile  of  material  under  which  they 
had  lain. 

Hence  we  learn  that  the  active  volcanoes  of  the  present  time,  which 
really  embrace  but  a  small  part  of  the  volcanic  history  of  our  planet,  are 
the  descendants  of  a  long  line  of  ancestors.  Their  distribution  and  activity 
should  be  considered  not  merely  from  the  evidence  they  themselves  supply, 
but  in  the  light  derived  from  a  study  of  that  ancestry.  It  is  only  when  we 
take  this  broad  view  of  the  subject  that  we  can  be  in  a  position  to  form 
some  adequate  conception  of  the  nature  and  history  of  volcanoes  in  the 
geological  evolution  of  the  globe. 

In  this  research  it  is  obvious  that  the  presently  active  volcano  must  be 
the  basis  and  starting-point  of  inquiry.  At  that  channel  of  communication 
between  the  unknown  inside  and  the  familiar  outside  of  our  globe,  we  can 
watch  what  takes  place  in  times  of  quiescence  or  of  activity.  We  can 
there  study  each  successive  phase  of  an  eruption,  measure  temperatures, 
photograph  passing  phenomena,  collect  gases  and  vapours,  register  the  fall 
of  ashes  or  the  flow  of  lavas,  and  gather  a  vast  body  of  facts  regarding  the 
materials  that  are  ejected  from  the  inteiior,  and  the  manner  of  their 
emission. 

Indispensable  as  this  information  is  for  the  comprehension  of  volcanic 
action,  it  obviously  affords  after  all  but  a  superficial  glimpse  of  that  action. 
We  cannot  see  beyond  the  bottom  of  the  crater.  We  cannot  tell  anything 
about  the  subterranean  ducts,  or  how  the  molten  and  fragmental  materials 
behave  in  them.  All  the  underground  mechanism  of  volcanoes  is  neces- 
sarily hidden  from  our  eyes.  But  much  of  this  concealed  structure  has 
been  revealed  in  the  case  of  ancient  volcanic  masses,  which  have  been  buried 
and  afterwards  upraised  and  laid  bare  by  denudation. 

In  yet  another  important  aspect  modem  volcanoes  do  not  permit  us  to 
obtain  full  knowledge  of  the  subject.  The  terrestrial  vents,  from  which  we 
derive  our  information,  by  no  means  represent  all  the  existing  points  of 
direct  connection  between  the  interior  and  the  exterior  of  the  planet.  We 
know  that  some  volcanic  eruptions  occur  under  the  sea,  and  doubtless  vast 
numbers  more  take  place  there  of  which  we  know  nothing.  But  the  con- 
ditions under  which  these  submarine  discharges  are  effected,  the  be- 
haviour of  the  out-flowing  lava  under  a  body  of  oceanic  water,  and  the  part 
played  by  fragmentary  materials  in  the  explosions,  can  only  be  surmised. 
Now  and  then  a  submarine  volcano  pushes  its  summit  above  the  sea-level, 
and  allows  its  operations  to  be  seen,  but  in  so  doing  it  becomes  practically 
a  terrestrial  volcano,  and  the  peculiar  submarine  phenomena  are  still  effec- 
tually concealed  from  observation. 

The  volcanic  records  of  former  geological  periods,  however,  are  in  large 


INTRODUCTION  book  i 


measure  those  of  eruptions  under  the  sea.  In  studying  them  we  are  per- 
mitted, as  it  were,  to  explore  the  sea-bottom.  We  can  trace  how  sheets  of 
coral  and  groves  of  crinoids  were  buried  under  showers  of  ashes  and  stones, 
and  how  the  ooze  and  silt  of  the  sea-floor  were  overspread  with  streams  of 
lava.  We  are  thus,  in  some  degree,  enabled  to  realize  what  must  now 
happen  over  many  parts  of  the  bed  of  the  existing  ocean. 

The  geologist  who  undertakes  an  investigation  into  the  history  of 
volcanic  action  within  the  area  of  the  British  Isles  during  past  time,  with  a 
view  to  the  better  comprehension  of  this  department  of  terrestrial  physics, 
finds  himself  in  a  situation  of  peculiar  advantage.  Probably  no  region  on 
the  face  of  the  globe  is  better  fitted  than  these  islands  to  furnish  a  large 
and  varied  body  of  evidence  regarding  the  progress  of  volcanic  energy  in 
former  ages.  This  special  fitness  may  be  traced  to  four  causes — 1st,  The  re- 
markable completeness  of  the  geological  record  in  Britain ;  2nd, The  geographical 
position  of  the  region  on  the  oceanic  border  of  a  continent ;  3rd,  The  singu- 
larly ample  development  to  be  found  there  of  volcanic  rocks  belonging  to  a 
long  succession  of  geological  ages  ;  and  4th,  The  extent  to  which  this  full 
chronicle  of  volcanic  activity  has  been  laid  bare  by  denudation. 

1.  In  the  first  place,  the  geological  record  of  Britain  is  singularly  com- 
plete. It  has  often  been  remarked  how  largely  all  the  great  periods  of 
geological  time  are  represented  within  the  narrow  confines  of  these  islands. 
The  gaps  in  the  chronicle  are  comparatively  few,  and  for  the  most  part  are 
not  of  great  moment. 

Thanks  to  the  restricted  area  of  the  country  and  to  the  large  number  of 
observers,  this  remarkably  full  record  of  geological  history  has  been  studied 
with  a  minute  care  which  has  hardly  been  equalled  in  any  other  country. 
The  detailed  succession  of  all  the  formations  has  been  so  fully  determined 
in  Britain  that  the  very  names  first  applied  here  to  them  and  to  their  sub- 
divisions have  in  large  measure  passed  into  the  familiar  language  of  geology 
all  over  the  globe.  Every  definite  platform  in  the  stratigraphical  series 
has  been  more  or  less  fully  worked  out.  A  basis  has  thus  been  laid  for 
referring  each  incident  in  the  geological  history  of  the  region  to  its  proper 
relative  date. 

2.  In  the  second  place,  the  geogiaphical  position  of  Britain  gives  it 
a  notable  advantage  in  regard  to  the  manifestations  of  volcanic  energy. 
Rising  from  the  margin  of  a  great  ocean-basin  and  extending  along  the  edge 
of  a  continent,  these  islands  have  lain  on  that  critical  border-zone  of  the 
terrestrial  surface,  where  volcanic  action  is  apt  to  be  most  vigorous  and 
continuous.  It  has  long  been  remarked  that  volcanoes  are  generally  placed 
not  far  from  the  sea.  From  the  earliest  geological  periods  the  site  of 
Britain,  even  when  submerged  below  the  sea,  has  never  lain  far  from  the 
land  which  supplied  the  vast  accumulations  of  sediment  that  went  to  form 
the  Palajozoic  and  later  formations,  while,  on  the  other  hand,  it  frequently 
formed  part  of  the  land  of  former  geological  periods.  It  was  thus  most 
favourably  situated  as  a  theatre  for  both  terrestrial  and  submarine  volcanic 
activity. 
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3.  In  the  third  place,  this  advantageous  geographical  position  is  found 
to  have  been  attended  with  an  altogether  remarkable  abundance  and  per- 
sistence of  volcanic  eruptions.  No  tract  of  equal  size  yet  known  on  the 
face  of  the  globe  furnishes  so  ample  a  record  of  volcanic  activity  from  the 
earliest  geological  periods  down  into  Tertiary  time.  Every  degree  of 
energy  may  be  signalized  in  that  record,  from  colossal  eruptions  which  piled 
up  thousands  of  feet  of  rock  down  to  the  feeblest  discharge  of  dust  and 
stones.  Every  known  type  of  volcano  is  represented — great  central  cones 
like  Etna  or  Vesuvius,  scattered  groups  of  small  cones  like  the  'puys  of 
France,  and  fissure-  or  dyke-eruptions  like  those  of  recent  times  in  Iceland. 

Moreover,  the  accurate  manner  in  which  the  stratigraphy  of  the  country 
has  been  established  permits  each  successive  era  in  the  long  volcanic  history 
to  be  precisely  determined,  and  allows  us  to  follow  the  whole  progress  of 
that  history  stage  by  stage,  from  the  beginning  to  the  end. 

These  characteristics  may  he  instructively  represented  on  a  map,  such 
as  that  which  accompanies  the  present  volume  (Map  I.).  The  reader  will 
there  ol>serve  how  repeatedly  volcanic  eruptions  have  taken  place,  not 
merely  within  the  general  area  of  the  British  Isles,  but  even  within  the 
same  limited  region  of  that  area.  The  broad  midland  valley  of  Scotland 
has  been  especially  the  theatre  for  their  display.  From  the  early  part  of 
the  Ix)wer  Silurian  period,  through  the  ages  of  the  Old  Ked  Sandstone, 
Carboniferous  and  Permian  systems,  hundreds  of  volcanic  vents  were  active 
in  that  region,  while  in  long  subsec^uent  time  there  came  the  fissure- 
eruptions  of  the  Tertiary  series. 

4.  In  the  fourth  place,  the  geological  revolutions  of  successive  ages 
have  made  this  long  volcanic  chronicle  fully  accessible  to  observation.  Had 
the  lavas  and  ashes  of  one  period  remained  buried  under  tlie  sedimentary 
accumulations  of  the  next,  their  story  would  have  been  lost  to  us.  We 
should  only  have  been  able  to  decipher  the  latest  records  which  might 
happen  to  lie  on  the  surface.  Fortunately  for  the  progress  of  geology, 
the  endless  vicissitudes  of  a  continental  border  have  brought  up  the  very 
oldest  rocks  once  more  to  the  surface.  All  the  later  formations  of  the 
earth's  crust  have  likewise  been  upraised  and  exposed  to  denudation  during 
long  cycles  of  time.  In  this  manner,  the  rocky  framework  of  the  country 
has  been  laid  bare,  and  each  successive  chapter  of  its  geological  history  may 
be  satisfactorily  deciphered.  The  singularly  complete  volcanic  chronicle, 
after  being  entombed  under  younger  deposits,  has  been  broken  up  and 
raised  once  more  into  view.  The  active  vents  of  former  periods  have  been 
dissected,  submarine  streams  of  lava  have  been  uncovered,  sheets  of  ashes 
that  fell  over  the  sea-bottom  have  been  laid  bare.  The  progress  of  de- 
nudation is  specially  favoured  in  such  a  variable  and  moist  climate  as  that 
of  Britain,  and  thus  by  the  co-operation  of  underground  and  meteoric  causes 
the  marvellous  volcanic  records  of  this  country  have  been  laid  open  in 
minutest  detail. 

There  is  yet  another  respect  in  which  the  volcanic  geology  of  Britain 
possesses  a  special  value.     Popular  imagination  has  long  been  prone  to  see 
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signs  of  volcanic  action  in  the  more  prominent  rocky  features  of  landscape. 
A  bold  crag,  a  deep  and  precipitous  ravine,  a  chasm  in  the  side  of  a  mount- 
ain, have  been  unhesitatingly  set  down  as  proof  of  volcanic  disturbance. 
Many  a  cauldron-shaped  recess,  like  the  corries  of  Scotland  or  the  cwms 
of  Wales,  has  teen  cited  as  an  actual  crater,  with  its  encircling  walls  still 
standing  almost  complete. 

The  relics  of  former  volcanoes  in  this  country  furnish  ample  proofs  to 
dispel  these  common  misconceptions.  They  show  that  not  a  single  crater 
anywhere  remains,  save  where  it  has  been  buried  under  lava ;  that  no  trace 
of  the  original  cones  has  survived,  except  in  a  few  doubtful  cases  where 
they  may  have  been  preserved  under  subsequent  accumulations  of  material ; 
that  in  the  rugged  tracts,  where  volcanic  action  has  been  thought  to  have 
been  most  rife,  there  may  be  not  a  vestige  of  it,  while,  on  the  other  hand, 
where  the  uneducated  eye  would  never  suspect  the  presence  of  any  remnant 
of  volcanic  energy,  lavas  and  ashes  may  abound.  We  are  thus  presented 
with  some  of  the  most  impressive  contrasts  in  geological  history,  while,  at 
the  same  time,  this  momentous  lesson  is  borne  in  upon  the  mind,  that  the 
existing  inequalities  in  the  configuration  of  a  landscape  are  generally  due 
far  less  to  the  influence  of  subterranean  force  than  to  the  action  of  the 
superficial  agents  which  are  ceaselessly  carving  the  face  of  the  land. 
Those  rocks  which  from  their  hardness  or  structure  are  best  able  to  with- 
stand that  destruction  rise  into  prominence,  while  the  softer  material  around 
them  is  worn  away.  Volcanic  rocks  are  no  exception  to  this  rule,  as  the 
geological  structure  of  Britain  amply  proves. 

In  the  following  chaptei's,  forming  Book  I.  of  this  work,  I  propose  to 
begin  by  offering  some  general  remarks  regarding  the  nature  and  causes  of 
volcanic  action,  so  far  as  these  are  known  to  us.  I  shall  then  proceed  to 
consider  the  character  of  the  evidence  that  may  be  expected  to  be  met  with 
respecting  the  former  prevalence  of  that  action  at  any  particular  locality 
where  volcanic  disturbances  have  long  since  ceased.  The  most  telling  evi- 
dence of  old  volcanoes  is  naturally  to  be  found  in  the  materials  which  they 
have  left  behind  them,  and  the  reader's  attention  will  be  asked  to  the  special 
characteristics  of  these  materials,  in  so  far  as  they  give  evidence  of  former 
volcanic  activity. 

As  has  been  already  remarked,  many  of  the  most  prominent  phenomena 
of  a  modem  volcano  are  only  of  transient  importance.  The  earthquakes 
and  tremors,  and  the  constant  disengagement  of  steam  and  gases,  that  play  so 
conspicuous  a  part  in  an  eruption,  may  leave  no  sensible  record  tehind  them. 
But  even  the  cones  of  ashes  and  lava,  which  are  piled  up  into  mountainous 
masses,  have  no  true  permanence :  they  are  liable  to  ceaseless  erosion  by 
the  meteoric  agencies  of  waste,  and  every  stage  in  their  degradation  may  be 
traced.  In  successive  examples  we  can  follow  them  as  they  are  cut  down 
to  the  verj'  core,  until  in  the  end  they  are  entirely  effaced. 

We  may  well,  therefore,  ask  at  the  outset  by  what  more  endurin^T 
records  we  may  hope  to  detect  the  traces  of  former  volcanic  action.  Th^ 
following  introductory  chapters  will  be  devoted  to  an  attempt  to  answer 
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this  question.  I  shall  try  to  show  the  nature  and  relative  import- 
ance of  the  records  of  ancient  volcanoes ;  how  these  records,  generally  so 
filamentary,  may  be  pieced  together  so  as  to  be  made  to  furnish  the 
history  which  they  contain ;  how  their  relative  chronology  may  be  estab- 
lished ;  how  their  testimony  may  be  supplemented  in  such  wise  that  the 
position  of  long  vanished  seas,  lands,  rivers,  and  lakes  may  be  ascertained ; 
and  how,  after  ages  of  geological  revolution,  volcanic  rocks  that  have  lain 
long  buried  under  the  surface  now  influence  the  scenery  of  the  regions 
where  they  have  once  more  been  exposed  to  view. 

From  this  groundwork  of  ascertained  fact  and  reasonable  inference,  we 
shall  enter  in  Book  II.  upon  the  story  of  the  old  volcanoes  of  the  British  Isles. 
It  is  usual  to  treat  geological  history  in  chronological  order,  beginning  with 
the  earliest  ages.  And  this  method,  as  on  the  whole  the  most  convenient, 
will  be  adopted  in  the  present  work.  At  the  same  time,  the  plan  so  per- 
sistently followed  by  Lyell,  of  working  backward  from  the  present  into 
the  p6wt,  has  some  distinct  advantages.  The  volcanic  records  of  the  later 
ages  are  much  simpler  and  clearer  than  those  of  older  times,  and  the 
student  may,  in  some  respects,  profitably  study  the  history  of  the  Tertiary 
eruptions  before  he  proceeds  to  make  himself  acquainted  with  the  scantier 
chronicles  of  the  eruptions  of  the  Palreozoic  periods.  But  as  I  wish  to 
follow  the  gradual  evolution  of  volcanic  phenomena,  and  to  show  how  vol- 
canic energy  has  varied,  waxing  and  waning  through  successive  vast  intervals 
of  time,  I  will  adhere  to  the  chronological  sequence. 
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CHAPTER  II 

Tlie  Nature  and  Causes  of  Volcanic  Action — Modem  Volcanoes^ 


A  VOLCANO  is  a  conical  or  dome-shaped  hill  or  mountain,  consisting  of 
materials  which  have  been  erupted  from  an  orifice  leading  down  from  the 
surface  into  the  heated  interior  of  the  earth.  Among  modem  and  recent 
volcanoes  three  types  may  be  recognized.  In  the  first  and  most  familiar 
of  these,  the  lavas  and  ashes  ejected  from  the  central  vent  have  gathered 
around  it  by  successive  eruptions,  imtil  they  have  built  up  a  central  cone 
like  those  of  Etna  and  Vesuvius.  As  this  cone  grows  in  height  and 
diameter,  lateral  or  parasitic  cones  are  formed  on  its  flanks,  and  may  become 
themselves  the  chief  actively  erupting  vents.  This  type  of  volcano,  which 
has  been  so  long  well  known  from  its  Mediterranean  examples,  was  until 
recently  believed  by  geologists  to  be  the  normal,  or  indeed  the  only,  phase  of 
volcanic  energy  on  the  face  of  the  earth. 

A  modification  of  this  type  is  to  be  found  in  a  few  regioifs  where  frag- 
mentary discharges  are  small  in  amount  and  where  the  eruptions  are  almost 
(wholly  confined  to  the  emission  of  tolerably  liquid  lava.  A  vast  dome 
with  gently  sloping  declivities  may  in  this  way  be  formed,  as  in  the 
Sandwich  Islands  and  in  certain  parts  of  Iceland. 

The  second  type  of  volcano  is  at  the  present  day  extensively  developed 
only  in  Iceland,  but  in  Tertiary  time  it  appears  to  have  had  a  wide  range 
over  the  globe,  for  stupendous  memorials  of  it  are  preserved  in  North- 
Western  Europe,  in  Western  America,  and  in  India.  It  is  distinguished 
I  by  the  formation  of  numerous  parallel  fissures  from  which  the  lava  gushes 

forth,  either  with  or  without  the  formation  of  small  cinder-cones  along  the 
lines  of  the  chasms. 

The  third  type  is  distinguished  l>y  the  formation  of  groups  of  cinder- 
cones  or  lava-domes,  which  from  their  admirable  development  in  Central 
France  have  received  the  name  of  Fut/s.  From  these  vents  considerable 
streams  of  lava  have  sometimes  been  discharged. 

Without  entering  here  into  a  detailed  inquiry  regarding  the  nature  and 
causes  of  Volcanic  Action,  we  may  with  advantage  consider  briefly  the  two 
main  factors  on  which  this  action  appears  to  depend. 

1.  Much  uncertainty  still  exists  as  to  the  condition  and  composition  of 
the  earth's  interior.  The  wide  distribution  of  volcanoes  over  the  globe, 
together  with  the  general  similarity  of  materials  brought  by  them  up  to  the 
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surface,  formerly  led  to  the  belief  that  our  planet  consists  of  a  central  mass 
of  molten  rock  enclosed  within  a  comparatively  thin  solid  crust.  Physical 
arguments,  however,  have  since  demonstrated  that  the  earth,  with  such  a 
structure,  would  have  undergone  great  tidal  deformation,  but  that  in  actual 
fact  it  has  a  greater  rigidity  than  if  it  were  made  of  solid  glass  or  steel. 

From  all  the  evidence  obtainable  it  is  certain  that  the  temperature 
of  the  earth's  interior  must  be  high.  The  rate  of  increase  of  this  tem- 
perature downward  from  the  surface  differs  from  place  to  place ;  but  an 
increase  is  always  observed.  At  a  depth  of  a  few  miles,  every  known  sub- 
stance must  be  much  hotter  than  its  melting  point  at  the  surface.  But  at 
the  great  pressures  within  the  earth,  actual  liquefaction  is  no  doubt  pre- 
vented, and  the  nucleus  remains  solid,  though  at  a  temperature  at  which, 
but  for  the  pressure,  it  would  be  like  so  much  molten  iron. 

Any  cause  which  will  diminish  the  pressure  may  allow  the  intensely 
hot  material  within  the  globe  to  pass  into  the  liquid  state.  There  is  one 
known  cause  which  will  bring  about  this  result.  The  downward  increment 
of  temperature  proves  that  our  planet  is  continually  losing  heat.  As  the 
outer  crust  is  comparatively  cool,  and  does  not  become  sensibly  hotter  by 
the  uprise  of  heat  from  within,  the  hot  nucleus  must  cool  faster  than  the 
crust  is  doing.  Now  cooling  involves  contraction.  The  hot  interior  is  con- 
tracting faster  than  the  cooler  shell  which  encloses  it,  and  that  shell  is  thus 
forced  to  subside.  In  its  descent  it  has  to  adjust  itself  to  a  constantly 
diminishing  diameter.      It  can  do  so  only  by  plication  or  by  rupture. 

AMien  the  terrestrial  crust,  under  the  strain  of  contraction,  is  compressed 
into  folds,  the*  relief  thus  obtained  is  not  distributed  uniformly  over  the 
whole  surface  of  the  planet.  From  an  early  geological  period  it  appears  to 
have  followed  certain  lines.  How  these  came  to  be  at  first  determined  we 
cannot  tell.  But  it  is  certain  that  they  have  served  again  and  again,  during 
successive  periods  of  terrestrial  readjustment.  These  lines  of  relief  coincide, 
on  the  whole,  with  the  axes  of  our  continents.  The  land-areas  of  the  globe 
may  be  regarded  as  owing  their  existence  above  sea-level  to  this  result  of 
terrestrial  contraction.  The  crust  underneath  them  has  been  repeatedly 
wrinkled,  fractured  and  thrust  upward  by  the  vast  oceanic  subsidence  around 
them.  The  long  mountain-chains  are  thus,  so  to  speak,  the  crests  of  the 
waves  into  which  the  crust  has  from  time  to  time  been  thrown. 

Again,  the  great  lines  of  fracture  in  the  crust  of  the  earth  probably  lie 
in  large  measure  within  the  land -areas,  or  at  least  parallel  with  their  axes 
and  close  to  their  borders.  Where  the  disposition  of  the  chief  ruptures  and 
of  the  predominant  plications  can  be  examined,  these  leading  structural 
features  are  found  to  be,  on  the  whole,  coincident.  In  the  British  Islands, 
for  instance,  the  prevalent  trend  of  the  axes  of  folding  from  early  Palaeozoic 
to  Tertiary  time  has  been  from  south-west  to  north-east.  How  profoundly 
this  direction  of  earth-movement  has  affected  the  structure  of  the  region  is 
shown  by  any  ordinary  map,  in  the  long  hill-ranges  of  the  land  and  in  the 
long  inlets  of  the  sea.  A  geological  map  makes  the  dependence  of  the 
scenery  upon  the  building  of  the  rocks  still  more  striking.     Xot  only  have 
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these  rocks  been  plicated  into  endless  foldings,  the  axes  of  which  traverse 
the  British  Islands  with  a  north-easterly  trend :  they  have  likewise  been 
dislocated  by  many  gigantic  ruptures,  which  tend  on  the  whole  to  follow 
the  same  direction.  The  line  of  the  Great  Glen,  the  southern  front  of  the 
Highlands,  and  the  northern  boundary  of  the  Southern  Uplands  of  Scotland, 
are  conspicuous  examples  Of  the  position  and  efl'ect  of  some  of  the  greater 
fractures  in  the  structure  of  this  country. 

The  ridging  up  of  any  part  of  the  ten-estrial  crust  will  afford  some  relief 
from  pressure  to  the  parts  of  the  interior  immediately  underneath.  If,  as 
is  probable,  the  material  of  the  earth's  interior  is  at  the  melting  point 
proper  for  the  pressure  at  each  depth,  then  any  diminution  of  the  pressure 
may  allow  the  intensely  heated  substance  to  pass  into  the  liquid  state.  It 
would  be  along  the  lines  of  terrestrial  uplift  that  this  relief  would  be  given. 
It  is  there  that  active  volcanoes  are  found.  The  molten  material  is  forced 
upward  under  these  upraised  ridges  by  the  subsidence  of  the  surrounding 
regions.  And  where  by  rupture  of  the  crust  this  material  can  make  its  way 
to  the  surface,  we  may  conceive  that  it  will  be  ejected  as  lava  or  as  stones 
and  ashes. 

Viewed  in  a  broad  way,  such  appears  to  be  the  mechanism  involved  in 
the  formation  and  distribution  of  volcanoes  over  the  surface  of  the  earth. 
But  obviously  this  explanation  only  carries  us  so  far  in  the  elucidation  of 
volcanic  action.       If  the  molten  magma  flowed  out  merely  in  virtue  of  the 
influence  of  terrestrial  contraction,  it  might  do  so  for  the  most  part  tran- 
quilly, though  it  would  probably  be  affected  by  occasional  sudden  snaps,  as 
the   crust  yielded  to  accumulations  of  pressure.     Human   experience   has 
no  record  of  the   actual  elevation  of  a  mountain -chain.     We  may  believe 
that  if  such  an  event   were   to  happen  suddenly  or  rapidly,  it  would  be 
attended  with  gigantic  catastrophes  over   the  surface   of  the  globe.     We 
can   hardly  conceive   what   would    be    the    scale    of   a    volcanic    eruption 
attending  upon  so  colossal  a   disturbance   of  the   terrestrial   crust.      But 
the  eruptions  which   have   taken   place  within  the   memory  of  man  have 
been  the  accompaniments  of  no  such   disturbance.      Although  they  have 
been    many   in    number    and    sometimes    powerful    in    efl'ect,   they    have 
seldom  been  attended  with  any  marked  displacement  of  the  surrounding 
parts  of  the  terrestrial  crust.     Contraction  is,  of  course,  continuously  and 
regularly  in  progress,  and  we  may  suppose  that  the  consequent  subsidence, 
though  it  results  in  intermittent  wrinkling  and  uplifting  of  the  terrestrial 
ridges,  may  also  be  more  or  less  persistent  in  the  regions  lying  outside  these 
ridges.    There  will  thus  be  a  constant  pressure  of  the  molten  magma  into 
the  roots  of  volcanoes,  and  a  persistent  tendency  for  the  magma  to  issue  at 
the  surface  at  everj'  available  rent  or  orifice.      The  energy  and  duration  of 
outflow,  if  they  depended  wholly  upon  the  effects  of  contraction,  would  thus 
vary  with  the  rate  of  subsidence  of  the  sinking  areas,  probably  assuming 
generally  a  feeble  development,  but  sometimes  bursting  into  fountains  of 
molten  rock  hundreds  of  feet  in  height,  like  those  observed  from  time  to 
time  in  Hawaii. 
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2.  The  actual  phenomena  of  volcanic  eruptions,  however,  show  that  a 
source  of  explosive  energy  is  almost  always  associated  with  them,  and  that 
while  the  transference  of  the  subterranean  molten  magma  towards  the 
volcanic  vents  may  be  referred  to  the  results  of  terrestrial  contraction,  the 
violent  discharge  of  materials  from  those  vents  must  be  assigned  to  some 
kind  of  energy  stored  up  in  the  substance  of  the  earth's  interior. 

The  deep-seated  magma  from  which  lavas  ascend  contains  various 
vapours  and  gases  which,  under  the  enormous  pressure  within  and  beneath 
the  terrestrial  crust,  are  absorbed  or  dissolved  in  it.  So  great  is  the  tension 
of  these  gaseous  constituents,  that  when  from  any  cause  the  pressure  on  the 
magma  is  suddenly  relieved,  they  are  liberated  with  explosive  violence, 

A  volcanic  .paroxysm  is  thus  immediately  the  efiTect  of  the  rapid  escape 
of  these  imprisoned  gases  and  vapours.  With  such  energy  does  the 
explosion  sometimes  take  place,  that  the  ascending  column  of  molten  lava  is 
blown  into  the  finest  impalpable  dust,  which  may  load  the  air  around  a 
volcano  for  many  days  before  it  falls  to  the  ground,  or  may  be  borne  in  the 
upper  regions  of  the  atmosphere  round  the  globe. 

The  proportion  of  dissolved  gases  varies  in  different  lavas,  while  the 
lavas  themselves  differ  in  the  degree  of  their  liquidity.  Some  flow  out 
tranquilly  like  molten  iron,  others  issue  in  a  pasty  condition  and  rapidly 
congeal  into  scoriae  and  clinkers.  Thus  within  the  magma  itself  the  amount 
of  explosive  energy  is  far  from  being  always  the  same. 

It  is  to  the  co-operation  of  these  two  causes — terrestrial  contraction  and 
its  effects  on  the  one  hand,  and  the  tension  of  absorbed  gases  and  vapours 
on  the  other — that  the  phenomena  of  volcanoes  appear  to  be  mainly  due. 
There  is  no  reason  to  believe  that  modern  volcanoes  differ  in  any  essential 
respect  from  those  of  past  ages  in  the  earth's  history.  It  might,  indeed, 
have  been  anticipated  that  the  general  energj'  of  the  planet  would  manifest 
itself  in  far  more  stupendous  volcanic  eruptions  in  early  times  than  those  of 
the  modern  period.  But  there  is  certainly  no  geological  evidence  in  favour 
of  such  a  difference.  One  of  the  objects  of  the  present  work  is  to  trace  the 
continuity  of  volcanic  phenomena  back  to  the  very  earliest  epochs,  and  to 
show  that,  so  far  as  the  geological  records  go,  the  interior  of  the  planet  has 
reacted  on  its  exterior  in  the  same  way  and  with  the  same  results. 

We  may  now  proceed  to  inquire  how  far  volcanoes  leave  behind  them 

evidence  of  their  existence.     I  shall  devote  the  next  two  or  three  chapters 

to  a  consideration  of  the  proofs  of  volcanic  action  furnished  by  the  very 

nature  of  the  materials  brought  up  from  the  interior  of  the  earth,  by  the 

arrangement  of  these  materials  at  the  surface,  by  the  existence  of  the  actual 

funnels  or  ducts  from  which  they  were  discharged  above  ground,  and  by  the 

disposition  of  the  masses  of  rock  which,  at  various  depths  below  the  surface, 

have  been  injected  into  and  have  solidified  within  the  terrestrial  crust. 


CHAPTER  III 

Ancient  Volcanoes  :  Proofs  of  their  existence  derived  from  the  Nature  of  the  Rocks  erupted 
from  the  Earth's  Interior.  A.  Materials  erupted  at  the  Surface — Extrusive  Series, 
i.  Lavas,  their  General  Characters.  Volcanic  Cycles.  iL  Volcanic  Agglomerates, 
Breccias  and  Tuffs. 

The  materials  brou<^ht  bv  volcanic  action  from  the  earth's  interior  have 
certain  common  characters  which  distinguish  them  from  other  constituents 

of  the  terrestrial  crust.     Hence  the  occurrence  of  these  materials  on  anv 

» 

part  of  the  earth's  surface  affords  convincing  proofs  of  former  volcanic 
eruptions,  even  where  all  outward  trace  of  actual  volcanoes  may  have  l^een 
effaced  from  the  topogi-aphical  features  of  the  ground. 

Volcanic  products  may  he  classed  in  two  divisions — 1st,  Those  which 
have  been  ejected  at  the  surface  of  the  earth,  or  the  Extrusive  series ;  and 
2nd,  Those  which  have  been  injected  into  the  terrestrial  crust  at  a  greater 
or  less  distance  below  the  surface,  and  which  are  known  as  the  Intrusive 
series.  Extrusive  rocks  may  be  further  classified  in  two  great  groups — 
(i.)  The  Lavas,  or  those  wiiich  have  been  poured  out  in  a  molten  condition 
at  the  surface ;  and  (ii.)  The  Fragmental  Materials,  including  all  kinds  of 
pyroclastic  detritus  discharged  from  volcanic  vents. 

Taking  first  the  Kxtrusive  volcanic  rocks,  we  may  in  the  present  chapter 
consider  those  characters  in  them  which  are  of  most  practical  value  in  the 
investigation  of  the  volcanic  phenomena  of  former  geological  periods. 

i.    LAVAS 

The  term  Lava  is  a  convenient  and  comprehensive  designation  for  all 
those  volcanic  products  which  have  flowed  out  in  a  molten  condition.  Thev 
differ  from  each  other  in  composition  and  structure,  but  their  variations  are 
comprised  within  tolerably  definite  limits. 

As  regards  their  composition  they  are  commonly  classed  in  three  divi- 
sions—  1st,  The  Acid  lavas,  in  which  the  proportion  of  silicic  acid  ranges  from 
a  little  below  TO  per  cent  upwards;  2nd,  The  Intermediate  lavas,  wherein 
the  percentage  of  silica  may  vary  from  55  to  near  70  ;  and  3rd,  The  Basic 
lavas,  where  the  acid  constituent  ranges  from  55  per  cent  downwai'ds- 
Sometimes  the  most  basic  kinds  are  distinguished  as  a  fourth  group  under 
the  name  of  lltrabasic,  in  which  the  percentage  of  silica  may  fall  below  40 
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The  structures  of  lavas,  however,  furnish  their  most  easily  appreciated 
characteristics,  your  of  these  structures  deserve  more  particular  atteatiou : 
Ist,  Cellular,  vesicular  or  pumiceoua  structure ;  2nd,  The  preaeDcc  of  glass,  or 
some  result  of  the  devitrification  of  an  original  glass  ;  :ird,  Flow-structure  ; 
and  4th,  The  arrangement  of  the  rocks  in  sheets  or  beds,  with  columnar  and 
other  structures. 

1,  The  CELLULAR,  VESICULAR,  SCOttUCKOUS  OV  PCMICEOUS  STRUCTUHE  of 
volcanic  rocks  (Fig.  1)  could  only  have  arisen  in  molten  musses  from   the 


•lillhtly 


expansion  of  impri8one<l  vapours  or  gases,  and  is  thus  of  crucial  importance 
in  deciding  the  once  liquid  condition  of  the  rocks  which  display  it.  The 
vedcles  may  be  of  microscopic  minuteness,  but  are  generally  quite  visible 
to  the  naked  eye,  and  are  often  large  and  conspicuous.  Sometimes  these 
Mvitiea  have  been  subsequently  filled  up  with  calcite,  quartz,  agate,  zeolites 
Of  other  mineral  deposition.  As  the  kernels  thus  pioduce<l  are  frequently 
flattened  or  almond-shaped  {am^ftjdale^X  owing  to  elongation  of  the  stenm- 
"oles  by  movement  of  the  lava  before  its  (.-onsolidiition,  the  rocks  containing 
thein  are  said  to  be  amiiijdakmlal. 

This  structure,  though   eminently  characteristic  of  superficial  lavas,  is 
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not  always  by  itself  sufficient  to  distinguish  them  from  the  intrusive  rocks. 
Kxamples  will  be  given  in  later  chapters  where  dykes,  sills  and  other 
masses  of  injected  igneous  material  are  conspicuously  cellular  in  some  parts. 
But,  in  such  cases,  the  cavities  are  generally  comparatively  small,  usually 
spherical  or  approximately  so,  tolerably  uniform  in  size  and  distribution, 
and,  especially  when  they  occur  in  dykes,  distributed  more  particularly 
along  certain  lines  or  bands,  sometimes  with  considerable  regularity  (sA 
Figs.  90,  91,  and  236). 

Among  the  superficial  lavas,  however,  such  regularity  is  rarely  to  be 
seen.  Xow  and  then,  indeed,  a  lava,  which  is  not  on  the  whole  cellular, 
may  be  found  to  have  rows  of  vesicles  arranged  parallel  to  its  under  or 
upper  surface,  or  it  may  have  acquired  a  peculiar  banded  structure  from  the 
arrangement  of  its  vesicles  in  parallel  layers  along  the  direction  of  flow.  The 
last-named  peculiarity  is  widely  distributed  among  the  Tertiary  lavas  of 
Xorth-Western  Europe,  and  gives  to  their  weathered  surfaces  a  deceptive 
resemblance  to  tuffs  or  other  stratified  rocks  (see  Figs.  260,  310  and  311). 
It  will  be  more  particularly  referred  to  a  few  pages  further  on.  In  general, 
however,  we  may  say  that  the  steam-cavities  of  lavas  are  quite  irregular  in 
size,  shape  and  distribution,  sometimes  increasing  to  such  relative  propor- 
tions as  to  occupy  most  of  the  bulk  of  the  rock,  and  in  other  places  dis- 
appearing, so  as  to  leave  the  lava  tolerably  compact.  When  a  lava  presents 
an  irregularly  vesicular  character,  like  that  of  the  slags  of  an  iron-furnace,  it 
is  said  to  be  slcujgy.  When  its  upper  surface  is  rugged  and  full  of  steam- 
vesicles  of  all  sizes  up  to  large  cavernous  spaces,  it  is  said  to  be  sco^ndceaiis, 
and  fragments  of  such  a  rock  ejected  from  a  volcanic  vent  are  spoken  of  as 
scoriae. 

Attention  to  the  flattening  of  the  steam-vesicles  in  cellular  lavas,  which 
has  just  been  alluded  to  as  the  result  of  the  onward  movement  of  the  still 
molten  mass,  may  show,  by  the  trend  and  grouping  of  these  elongated  cavities, 
the  probable  direction  of  the  flow  of  the  lava  before  it  came  to  rest.  Some- 
times the  vesicles  have  been  drawn  out  and  flattened  to  such  a  degree 
that  the  rock  has  acquired  in  consequence  a  fissile  structure.  In  other 
instances,  the  vesicles  have  been  oiigiually  formed  as  long  parallel  and  even 
branching  tubes,  like  the  burrows  of  AnneUds  or  the  borings  of  Teredo. 
Some  remarkable  examples  of  this  exceptional  structure  have  been  obtained 
from  the  Tertiary  plateau-basalts  of  the  Western  Isles,  of  which  an  example 
is  represented  in  Fig.  2. 

In  many  cases  the  vesicles  extend  through  the  whole  tliickness  of  a 
lava.  Frequently  they  may  be  found  most  developed  towards  the  top  and 
bottom ;  the  central  portion  of  the  sheet  being  compact,  while  the  top  and 
bottom  are  rugged,  cavernous  or  scoriaceous. 

Though  originally  the  vesicles  and  cavernous  spaces,  blown  open  by  the 
expansion  of  the  vapours  dissolved  in  molten  lava,  remained  empty  on  the 
consolidation  of  the  rock,  they  have  generally  been  subsequently  filled  up 
by  the  deposit  withm  them  of  mineral  substances  carried  in  aqueous  solu- 
tion.    The  minerals  thus  introduced  are  such  as  might  have  been  derived 
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from  the  removal  of  theii'  constituent  iugredicuta  by  the  solvent  action  of 
water  on  the  surrounding  rock.  And  as  amygdaloids  are  generally  more 
decayed  than  the  non-vesicular  1a^'as,  it  has  been  generally  believed  that  the 
abstraction  of  mineral  material  and  its  re-deposit  within  the  steam-vesicles 
have  been  due  to  the  influence  of  meteoric  water,  which  at  atmospheric 
temperatures  and  pressures  has  slowly  percolated  from  the  surface  through 
tfte  cellular  lava,  long  after  the  latter  had  consolidated  and  cooled,  and  even 
after  volcanic  enei^  at  the  locality  had  entirely  ceased. 

Examples,  however,  are  now  accumulating  which  certainly  prove  that,  in 
some  cases,  the  vesicles  were  filled  up  during  the  volcanic  period.  Among 
the  Tertiary  basalt-plateaux  of  the  Inner  Hebrides,  for  instance,  it  can  be 
shown  that  the  lavas  were  already  aniygdnloidal  before  the  protrusion  of  the 


Pl(i.  2.— Elongation  ami  bmuchiuK  of  strain. vt«iiclt»  in  s  lava.  Eilninian,  Inlv  of  Mull,  >  little  \e>f. 


gabbroB  and  granophyres  which  mark  later  stages  of  the  same  continuous 
volcanic  history,  and  even  before  the  outpouring  of  much  of  the  basalt  of 
these  plateaux.  Not  improbably  the  mineral  secretions  were  largely  due  to 
the  influence  of  hot  volcanic  vapours  during  the  eruption  of  the  basalts. 
This  subject  will  be  again  referred  to  in  the  description  of  the  Tertiary 
volcanic  series. 

Vesicular  structure  is  more  commonly  and  perfectly  developed  among 
the  lavas  which  are  basic  and  inteiniediate  in  composition  than  among 
those  which  are  acid. 

While  the  existence  of  a  highly  vesicular  or  scoriaeeoiis  structure  may 
generally  be  taken  as  proof  that  the  rock  displaying  it  flowed  out  at  the 
surface  as  a  lava,  other  evidence  pointing  to  the  same  conclusion  may  often 
be  gatheretl  from   the  rocks  with   wliich   the  supjKised  lava   is  associated. 

VOL.    1  C 
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Where,  for  example,  a  scoriaceous  lava  is  covered  with  stmtified  deposits 
which  contain  pieces  of  that  lava,  we  may  be  confident  that  the  rock  is  an 
interstratified  or  contemporaneous  sheet.  It  has  been  erupted  after  the 
deposition  of  the  strata  on  which  it  rests,  and  before  that  of  the  strata 
which  cover  it  and  contain  pieces  of  it  In  such  a  case,  the  geological  date 
of  the  eruption  could  be  precisely  defined.  Illustrations  of  this  reasoning 
will  be  given  in  Chapter  iv.,  and  in  the  account  of  the  volcanic  series 
of  Carboniferous  age  in  Central  Scotland,  where  a  basic  lava  can  some- 
times be  proved  to  be  a  true  flow  and  not  an  intrusive  sill  by  the  fact  that 
portions  of  its  upper  slaggy  surface  are  enclosed  in  overlying  sandstone, 
shale  or  limestone. 

2.  The  presence  of  glass,  or  of  some  result  of  the  devitrification  of  an 
original  glass,  is  an  indication  tliat  the  rock  which  exhibits  it  has  once  been 
in  a  state  of  fusion.  Even  where  no  trace  of  the  original  vitreous  condition 
may  remain,  stages  in  its  devitrification,  that  is,  in  its  conversion  into  a 
stony  or  lithoid  condition,  may  be  traceable.  Thus  what  are  called  spheru- 
litic  and  perlitic  structures  (which  will  be  immediately  described),  either 
visible  to  the  naked  eye  or  only  observable  with  the  aid  of  the  microscope, 
afford  evidence  of  the  consolidation  and  conversion  of  a  glassy  into  a  lithoid 
substance. 

Striking  evidence  of  the  former  glassy,  and  therefore  molten,  condition 
of  many  rocks  now  lithoid  is  to  be  gained  by  the  examination  of  thin 
slices  of  them  under  the  microscope.  Not  only  are  vestiges  of  the  original 
glass  recognizable,  but  the  whole  progress  of  devitrification  may  be  followed 
into  a  crystalline  structure.  The  primitive  crystallites  or  microlites  of 
tlifi'erent  minerals  may  be  seen  to  have  grouped  themselves  together  into 
more  or  less  perfect  crystals,  while  scattered  crystals  of  earlier  consolidation 
have  been  partially  dissolved  in  and  corroded  by  the  molten  glass.  These 
and  other  characteristics  of  once  fused  rocks  have  to  a  considerable  extent 
been  imitated  artificially  by  MM.  Fouqu^  and  Michel  L(5vy,  who  have  fused 
the  constituent  minerals  in  the  proper  proportions. 

Since  traces  of  glass  or  of  its  representative  devitrified  structures  are  so 
abundantly  discoverable  in  lavas,  we  may  infer  the  original  condition  of  most 
lavas  to  have  been  vitreous.  Where,  for  instance,  the  outer  selvages  of  a 
basic  dyke  or  sill  are  coated  with  a  layer  of  black  glass  which  rapidly  passes 
into  a  fine-grained  crystalline  basalt,  and  then  again  into  a  more  largely 
crystalline  or  doleritic  texture  in  the  centre,  there  can  be  no  hesitation  in 
believing  that  glassy  coating  to  be  due  to  the  sudden  chilling  and  consolida- 
tion of  the  lava  injected  between  the  cool  rocks  that  enclose  it.  The  part 
that  solidified  first  may  be  regarded  as  probably  representing  the  condition 
of  the  whole  body  of  lava  at  the  time  of  intrusion.  The  lithoid  or  crystal- 
line portion  between  the  two  vitreous  outer  layers  shows  the  condition 
which  the  molten  rock  finally  assumed  as  it  cooled  more  slowly. 

Some  lavas,  such  as  obsidians  and  pitchstones,  have  consolidated  in  the 
glassy  form.  More  usually,  however,  a  lithoid  structure  has  been  developed, 
the  original  glass  being  only  discoverable  by  the  microscope,  and  often  not. 
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even  by  its  aitl.  Two  varieties  of  devitrification  may  be  observed  among 
lavas,  which,  though  uot  marked  off  from  etich  other  by  auy  sharp  lines,  are 
on  the  whole  distinctive  of  the  two  great  groups  of  acid  and  baaic  rocks, 

(1)  Among  the  acid  rocks,  what  is  called  the  Felsitic  type  of  devitri- 
fication is  characteristic.  Thus,  obsidians  pass  by  intermediate  stages  from  a 
clear  transparent  or  translucent  gloss  into  a 
dull  flinty  or  horny  mass.  When  thin  slices 
of  these  transitional  forms  are  examined  un<ler 
the  microscope,  minute  hairs  and  fibres  or 
trichites,  wliich  may  be  observed  even  in  the 
most  perfectly  glassy  rocks,  ure  seen  to  in- 
crease in  number  until  they  entirely  take  I 
the  place  of  tlie  glass.  MicroUtes  of  definite 
minerals  may  likewise  be  observed,  tt^ether 
with  indefinite  granules,  uud  the  rock  finally 
becomes  a  rhyolite,  felsite  or  allied  variety 
(Fig,  3). 

At  the  same  time  it  should  be  obseneil  no.  S.-Mkrollij  ot  tl»  piki.mm  m 
that,   even   in    the   vitreous   condition   of  a 

lava,  definite  crystals  of  an  earl)  consolidation  were  generally  already 
present.  Felspars  and  quartz  iisually  m  lai^  porphyritic  forms,  may 
be  seen  in  the  glass,  often  so  corroded  as  to  indicate  tliat  they  were  in 
course  of  being  dissolved  m  the  magma  at  the  time  of  the  cooling  and  solidi- 
fication of  the  mass.  In  obsidians  and  pitchstones  such  relics  of  an  earlier 
or  derived  series  of  crystallized  minerals  ina>  often  be  recognized,  while  in 
felsites  and  quartz-porphj lies  tliej  are  equally  prominent.  Where  lai^e 
dispersed  crystals  form  a  prominent  characteiistic  in  a  rock  they  give  rise 
to  what  is  termed  the  Poi-phyntu  stiucture 

Accompanying  the  passage  of  glass  into  stone,  various  structures  make 


their  appearance,  sometimes  distinctly  visible  to  the  naked  eye,  at  other 
times  only  perceptible  with  the  aid  of  the  microscope.  One  of  these  struc- 
tures, known  as  PeTliiic  (Fig.  4),  consists  in  the  formation  of  minute  curved 
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or  straight  cracks  between  which  the  vitreous  or  felsitic  subataiice,  during  iu 
contraction  in  coohng,  assumed  a  finely  globular  form. 

Another  structure,  termed  Spherulitic  (Fig.  5),  shows  the  development 
of  globules  or  spherules  which  may  range  from  grains  of  microscopic  minute- 
ness up  to  balls  two  inches  or  more  in  diameter.  These  not  infrequently 
present  a  well-formed  internal  fibrous  radiation,  which  gives  a  black  cross 
between  crossed  Nicol  prisms.  SpheruUtes  are  more  especially  developed 
along  the  margins  of  intrusive  rocks,  and  may  be  found  in  dykes,  sills  and 
bosses  (see  Figs.  375  and  377).  Where  the  injected  mass  is  not  thick  it 
may  be  spherulitic  to  the  very  centre,  as  can  be  seen  among  the  felsitic 
and  granophyric  dykes  of  Skye. 

Some  felsitic  lavas  possess  a  pecuhar  nodular  structure,  which  was 
developed  during  the  process  of  consolidation.  So  marked  does  this  arrange- 
ment sometimes  become  that  the  rocks  wliieh  display  it  have  actually  been 
mistaken  for  conglomerates.  It  is  well  exhibited  among  the  Lower  Silurian 
lavas  of  Snowdou,  the  Upper  Silurian  lavas  of  Dingle,  and  the  Lower  Old 
Eed  Sandstone  lavas  near  Killamey. 

A  marked  structure  among  some  intrusive  rocks,  especially  of  an  acid 
composition,  is  that  called  Mkropegvmtitic  or  G/rmophi/ric.  It  consists  iu  a 
minute  intergrowth  of  two  component  minerals,  especially  quartz  and  felspar, 


and  is  moi-e  especially  characteristic  of  certain  granitic  or  granitoid  rocks 
which  have  consolidated  at  some  distance  from  the  surface  and  occur  as 
bosses,  sills  and  dykes.  It  is  also  met  with,  however,  in  some  basic  sills- 
Examples  of  all  these  and  other  structures  will  occur  in  the  course  of  the 
following  description  of  Britisli  volcanic  rocks. 

(2)  The  second  type  of  devitrification,  conspicuous  in  rocks  of  more 
basic  composition,  is  marked  by  a  more  complete  development  of  cr)'stal- 
lization.  Among  basic,  as  among  acid  rocks,  there  are  proofs  of  the  consoli- 
dation of  definite  minerals  at  more  than  one  period.  Where  the  molten 
material  has  suddenly  cooled  into  a  black  glass,  porphyritic  felspars  or 
other   minerals  are  often  to  be  seen  which   were  already   floating  in   the 
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magma  in  its  molten  condition.  During  devitrification,  however,  other  fel- 
spars of  a  later  period  of  generation  made  their  appearance,  but  they  are 
generally  distinguishable  from  their  predecessors.  Probably  most  basic  and 
intermediate  rocks,  when  poured  out  at  the  surface  as  lavas,  were  no  longer 
mere  vitreous  material,  but  had  already  advanced  to  various  stages  of  progress 
towards  a  stony  condition.  These  stages  are  still  to  some  extent  traceable 
by  the  aid  of  the  microscope. 

Microlites  of  the  component  minerals  are  first  developed,  which,  if  the 
process  of  aggregation  is  not  arrested,  build  up  more  or  less  perfect  crystals 
or  crystalline  grains  of  the  minerals.  Eventually  the  glass  may  be  so  com- 
pletely devitrified  by  the  development  of  its  constitutent  minerals  as  to  be 
wholly  used  up,  the  rock  then  becoming  entirely  crystalline,  or  to  survive 
only  in  scanty  interstitial  spaces.  In  the  family  of  the  basalts  and  dolerites 
the  gradual  transition  from  a  true  glass  into  a  holocrystalline  compound 
may  be  followed  with  admirable  clearness.  The  component  minerals  have 
sometimes  crystallized  in  their  own  distinct  crystallographic  forms  (idio- 
morphic) ;  in  other  cases,  though  thoroughly  crystalline,  they  have  assumed 
externally  different  irregular  shapes,  fitting  into  each  other  without  their 
proper  geometric  boundaries  (allotriomorphic). 

A  specially  characteristic  feature  of  many  basic  rocks  is  the  presence  of 
what  is  termed  an  02>hitic  structure  (Fig.  7).  Thus  the  component  crystals 
of  pyroxene  occur  as  large  plates  separated  and  penetrated  by  small  needles 
and  crystals  of  felspar.  The  portions  of  pyroxene,  divided  by  the  enclosed 
felspar,  are  seen  under  the  microscope  to  be  in  optical  continuity,  and  to  have 
crystallized  round  the  already  formed  felspar.  This  structure  is  never  found 
in  nietamorphic  crystalline  rocks.  It  has  been  reproduced  artificially  from 
fusion  by  Messrs.  Fouque  and  Michel  Levy. 

The  name  Variolitic  is  applied  to  another  structure  of  basic  rocks 
(Fig.  8),  in  which,  especially  towards  the  margin  of  eruptive  masses,  abund- 
ant spheroidal  aggregates  have  been  developed  from  the  sfze  of  a  millet-seed 
to  that  of  a  walnut,  imbedded  in  a  fine-grained  or  compact  greenish  matrix 
into  which  the  kernels  seem  to  shade  off.  These  kernels  consist  of  silicates 
arranged  either  radially  or  in  concentric  zones. 

3.  Flow-structure  is  an  arrangement  of  the  crystals,  vesicles,  spheru- 
lites,  or  devitrification-streaks  in  bands  or  lines,  which  sweep  round  any 
enclosed  object,  such  iis  a  porphyritic  cr}'stal  or  detached  spherulite,  and 
represent  the  curving  fiow  of  a  mobile  or  viscous  mass.  Admirable  examples 
of  this  structure  may  often  be  observed  in  old  lavas,  as  w^ell  as  in  dykes  and 
sills,  the  streaky  lines  of  flow  being  marked  as  distinctly  as  the  lines  of  foam 
that  curve  round  the  boulders  projecting  from  the  surface  of  a  mountain-brook. 

Flow-structure  is  most  perfectly  developed  among  the  obsidians,  rhyolites, 
felsites  and  other  acid  rocks,  of  which  it  may  be  said  to  be  a  frequently 
conspicuous  character  (Fig.  9).  In  these  rocks  it  is  revealed  by  the  parallel 
arrangement  of  the  minute  hair-like  bodies  and  crystals,  or  by  alternate 
layers  of  glassy  and  lithoid  material.  The  streaky  lines  thus  developed  are 
sometimes  almost  as  thin  and  parallel  as  the  leaves  of  a  book.     But  they 
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generally  show  intetTiiptions  and  cnrvatmvs,  and  may  be  seen  to  beud  round 
larger  enclosed  crystals,  or  to  gather  into  eddy-like  curves,  in  such  a  manner 
as  vividly  to  portray  the  flow  of  a  viscous  snbatance.  These  lines  represent 
on  a  minute  scale  the  same  flow-structure  which  may  be  traced  in  laige 
sheets  among  the  lavas.  The  porphyritic  crystals  and  the  spherulites  are 
also  drawn  out  in  rows  in  the  same  general  direction.  Sometimes,  indeed, 
the  spherulites  have  been  so  symmetrically  grouped  in  parallel  rows  that 
they  appear  as  rod-like  a^^egates  which  extend  along  the  mai^n  of  a  dyke. 
Among  lavas  of  more  basic  composition  flow-structure  is  not  so  often 
well  displayed.  It  most  frequently  shows  itself  by  the  orientation  of 
porphyritic  felspars  or  of  lines  of  steam-vesicles.  Occasionally,  however, 
sheets  of  basalt  may  Iw  found  in  which  a  distinct  streakinese  has  been 
developed  owing  to  variations  in  the  differentiation  of  the  original  molten 
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magma.  A  remarkable  and  wide-spread  occurrence  of  sucli  a  structure 
is  met  with  among  the  Tertiary  basalt -plateaux  of  the  Inner  Hebrides  and 
the  Faroe  Islands.  In  the  lower  parts  of  these  thick  accumulations  of  suc- 
cessive lava-sheets,  a  banded  character  is  so  marked  as  to  give  the  rocks  the 
aspect  of  truly  stratified  deposits.  The  observer,  indeed,  can  hardly  undeceive 
himself  as  to  their  real  nature  until  he  examnies  them  closely.  As  a  full 
description  of  this  stnicture  will  be  given  in  a  later  chapter,  it  may  suffice 
to  state  here  that  the  banding  arises  from  two  causes.  In  some  cellular 
lax-as,  the  vesicles  are  arranged  in  layers  which  lie  parallel  with  the  upper 
and  iinder  surfaces  of  the  sheets.  These  layers  either  project  as  ribs  or 
recede  into  depressions  along  the  outcrop,  and  thus  impart  a  distinctly 
stratified  aspect  to  the  rock.  More  frequently,  however,  the  banded 
structure  is  produced  by  tlie  alternation  of  different  varieties  of  texture, 
and  even  of  composition,  in  the  same  sheet  of  Ixisalt.  Lenticular  seams  of 
olivine  -  basalt  may  be  found  intercalated  in  a  more  largely  crystalline 
dolerite.     These  differences   appear  to  point  to  considerable  variations   iu 
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the  constitution  of  tiie  magma  from  which  the  lavas  issued — variations 
which  aheady  existed  before  the  discharge  of  these  lavas,  and  which  showed 
themselves  iii  the  successive  outflow  of  basaltic  and  doleritic  material  during 
the  eruption  of  what  waSfreally,  as  regards  its  appearance  at  the  surface,  one 
continuous  stream  of  molten  rock.  It  is  impossible  to  account  for  such 
variations  in  the  same  sheet  of  lava  by  any  process  of  differentiation  in 
the  melted  material  during  its  outflow  and  cooling,  Analc^oiis  variations 
occur  among  the  basic  sills  and  bosses  of  the  Tertiary  volcanic  series  of 
Britain.  These,  as  will  be  more  fully  diseussed  in  later  chapters,  indicate 
a  considerable  amount  of  heter<^eneity  in  the  deep-seated  magma  from  which 
the  intrusive  sheets  and  bosses  were  supplied  (see  vol.  ii.  pp.  329,  .■142). 


Fig.  9.— FloH-strmiii 


It  is  a  coiiunon  error  to  assume  that  flow -structure  is  a  distinctive 
character  of  lavas  that  have  flowed  out  at  the  surface.  In  reality  some 
of  the  most  perfect  examples  of  the  structure  occur  in  dykes  and  sills,  both 
among  acid  and  basic  rocks.  Innumerable  instances  might  be  quoted  from 
the  British  Isles  in  support  of  this  statement. 

Although,  in  the  vast  majority  of  cases,  the  presence  of  flow-structure 
may  be  confidently  assumed  to  indicate  a  former  molten  condition  of  the 
rock  in  which  it  occui-s,  it  is  not  an  absolutely  reliable  test  for  an  igneous 
rock.  Experiment  has  shown  that  under  enormous  pressure  even  solid 
metals   may  be   made   to   flow   into  cavities  prepared   for  their  reception. 
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Under  the  vast  compression  to  which  the  earth's  crust  is  subjected  during 
terrestrial  contraction,  the  most  obdurate  rocks  are  crushed  into  frag- 
ments varying  from  large  blocks  to  the  finest  powder.  This  comminuted 
material  is  driven  along  in  the  direction  of  thrust,  and  when  it  comes  to 
rest  presents  a  streakiness,  with  curving  lines  of  flow  round  the  larger 
fragments,  closely  simulating  the  structure  of  many  rhyolites  and  obsidians. 
It  is  only  by  attention  to  the  local  surroundings  that  such  deceptive  re- 
semblances can  be  assigned  to  their  true  cause. 

4.  The  DISPOSITION  of  lavas  in  sheets  or  beds  is  the  result  of 
successive  outflows  of  molten  rock.  Such  sheets  may  range  from  only  a 
yard  or  two  to  several  hundred  feet  in  thickness.  As  a  rule,  though  with 
many  exceptions,  the  basic  lavas,  such  as  the  basalts,  appear  in  thinner  beds 
than  the  acid  forms.  This  difference  is  well  brought  out  if  we  compare, 
for  instance,  the  massive  rhyolites  or  felsites  of  Xorth  Wales  with  the  thin 
sheets  of  basalt  in  Antrim  and  the  Inner  Hebrides.  The  regularity  of  the 
bedded  character  is  likewise  more  definite  among  the  basic  than  among 
the  acid  rocks,  and  this  contrast  also  is  strikingly  illustrated  by-  the  two 
series  of  rocks  just  referred  to.     The  rhyolites  and  felsites,  sometimes  also 


Fig.  10. — Lumpy,  irregular  tracliytic  Lava-streams  (Carl)ouiferous),  East  Linton,  Haddingtonshire. 

the  trachytes  and  andesites,  assume  lumpy,  irregular  forms,  and  some  little 
care  may  be  required  to  trace  their  upper  and  under  surfaces,  and  to 
ascertain  that  they  really  do  form  continuous  sheets,  though  varying  much 
in  thickness  from  place  to  place  (Fig.  10).  Like  modern  acid  lavas,  they 
seem  to  have  flowed  out  in  a  pasty  condition,  and  to  have  been  heaped  up 
round  the  vents  in  Ihe  form  of  domes,  or  with  an  irregular  hummocky  or 
mounded  surface.  The  basalts,  and  dolerites,  and  sometimes  the  andesites, 
have  issued  in  a  more  fluid  condition,  and  have  spread  out  in  sheets  of  more 
uniform  thickness,  as  may  be  instructively  seen  in  the  sea-cliffs  of  Antrim,  Mull, 
Skye,  and  the  Faroe  Islands,  where  the  horizontal  or  gently- inclined  flows 
of  basalt  lie  upon  each  other  in  even  parallel  beds  traceable  for  considerable 
distances  along  the  face  of  the  precipices  (Figs.  11,  265,  and  286).  The  ande- 
sites of  the  Old  Red  Sandstone  (Figs.  99, 100)  and  Carboniferous  series  (Figs. 
107,  108,  111,  112,  113,  123)  in  Scotland  likewise  form  terraced  hills. 

The  length  of  a  lava-stream  may  vary  within  wide  limits.      Sometimes  an 
outflow  of  lava  has  not  reached  the  base  of  the  cone  from  the  side  of  which, 
it  issued,  like  the  obsidian  stream  on  the  flanks  of  the  little  cone  of  th^ 
island  of  Volcano.     In  other  cases,  the  molten  rock  has  flowed  for  forty  ott 
fifty  miles,  like  the  copious  Icelandic  lava-floods  of  1783.     In  the  basalt  — 
plateaux  of  the  Inner  Hebrides  a  single  sheet  may  sometimes  be  traced  f<" 
several  miles. 
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Some  lavaB,  more  especially  among  the  basic  series,  assume  in  cooling  a 
Columnar  structvrt,  of  which  two  types  may  be  noticed.  In  one  of  these  the 
columns  pass  with  i-egularity  and  parallelism  from  the  top  to  the  bottom  of 
a  bed  (Figs.  171,  225).  The  basalt  in  which  Fingal's  Cave,  in  the  isle  of 
Staffa,  has  been  hollowed  out  may  be  taken  as  a  characteristic  example 
(Fig.  266a),  Xot  infrequently  the  columns  are  curved,  as  at  the  well-known 
Clam-shell  Cave  of  Staffa,  In  the  other  type,  the  columns  or  prisms  are 
not  persistent,  but  die  out  into  each  other  and  have  a  wavy,  irregular  shape, 
somewhat  like  prisms  of  starch.  These  two  types  may  occur  in  successive 
sheets  of  basalt,  or  may  even  pass  into  each  other.     At  Staflfa  the  regularly 


columnar  bed  is  immediately  overlain  with  one  of  the  starch-like  chai'acter. 
The  columnar  structure  in  either  case  is  a  contraction  phenomenon,  produced 
iluring  the  cooling  and  shrinking  of  the  lava.  But  it  is  difficult  to  say  what 
special  conditions  in  the  lava  were  required  for  its  production,  or  why  it 
flhould  sometimes  have  assumed  the  regular,  at  others  the  irr^ular  form. 
It  may  be  found  not  only  in  superficial  lavas  but  in  equal  perfection  in 
8ome  dykes  and  intrusive  sills  or  injections,  as  among  the  Tertiary  volcanic 
rooks  of  the  island  of  Canna  (Figs.  307  and  308). 

The  precipitation  of  a  lava-stream  into  a  lake  or  the  sea  may  cause  the 
out«r  crust  of  the  rock  to  break  up  with  violence,  so  that  the  still  molten 
material  inside  may  rush  into  the  water.  Some  basic  lavas  on  flowing  into 
water  or  into  a  watery  silt  have  assumed  a  remarkable  spheroidal  sack-like 


36  VOLCANIC  PRODUCTS 

or  pillow-like  structure,  the  spheroids  being  sometimes  pressed  into  shapes 
like  piles  of  sacks,  A  good  instance  of  this  structure  occurs  in  a  basalt  at 
Acicastello  in  Sicily.'  A  similar  appearance  will  he  described  in  a  later 
cliapter  as  peculiarly  characteristic  of  certain  Lower  Silurian  lavas  associated 
with  radiolarian  cherts  in  Britain  and  in  other  countries  (Fig.  12). 

It  probably  seldom  happens  that  a  solitary  sheet  of  lava  occurs  among 
non-volcanic  sedimentary  strata,  with  no  other  indication  around  it  of  former 
volcanic  activity.  Such  an  isolated  record  does  not  seem  to  have  been  met 
with  in  the  remarkably  ample  volcanic  register  of  the  British  Isles.  The 
outpouring  of  molten  rock  has  generally  been  accompanied  with  the  ejection 


of  fragmentary  materials.  Hence  among  the  memorials  of  \olcanic  erup- 
tions, while  intercalated  lavas  ai-e  generally  associated  with  sheets  of  tuff, 
bands  of  tuff  may  not  infrequently  he  encouiiteretl  in  a  sedimentary  series 
without  any  lava.  Instances  iu  illustration  of  these  statements  may  be 
culled  from  the  British  I'ala-oKoic  formations  back  even  into  the  Cambrian 
system. 

A  cliaracteristic  feature  of  some  interest  in  connection  with  the  flow  of 
lava  is  the  efl'ect  produced  by  it  on  the  underlying  rocks.  If  these  are  not 
firndy  compacted  they  may  he  ploughed  up  or  even  dislocated.  Thus  the 
tuH's  of  the  Velay  have  sometimes  been  plicated,  inverted,  and  fractured  by 
'  See  Prof.  G.  PUtanift  iu  Dr.  Johns toii-La vis'  Sovih  Ilnliaa  Volcaii.iff.  Naples  (1891X  p.  *1 
uid  plate  xii. 
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the  movement  of  a  flowing  current  of  basalt.^  The  great  heat  of  the  lava 
has  frequently  induced  considerable  alteration  upon  the  underlying  rocks. 
Induration  is  the  most  common  result,  often  accompanied  with  a  reddening 
of  the  altered  substance.  Occasionally  a  beautifully  prismatic  structure  has 
been  developed  in  the  soft  material  immediately  beneath  a  basalt,  as  in 
ferruginous  clay  near  the  village  of  Esplot  in  the  Velay,  in  which  the  close- 
set  columns  are  50  centimetres  long  and  4  to  5  centimetres  in  diameter.'* 
Changes  of  this  nature,  however,  are  more  frequent  among  sills  than  among 
superficial  lavas.  Many  examples  of  them  may  be  gathered  from  the 
Scottish  Carboniferous  districts. 

Variations  of  structure  in  single  lava-sheets. — From  what  has 
been  said  above  in  regard  to  certain  kinds  of  flow-structure  among  basic 
rocks,  it  will  be  eWdent  that  some  considerable  range  of  chemical,  but  more 
particularly  of  mineralogical,  composition  may  be  sometimes  observed  even 
within  the  same  sheet  of  lava.  Such  difierences,  it  is  true,  are  more  frequent 
among  intrusive  rocks,  especially  thick  sills  and  large  bosses.  But  they 
have  been  met  with  in  so  many  instances  among  superficial  lavas  as  to  show 
that  they  are  the  results  of  some  general  law,  which  probably  has  a  wide 
application  among  the  surface-products  of  volcanic  action.  Scrope  expressed 
the  opinion  that  in  the  focus  of  a  volcano  there  may  be  a  kind  of  filtration 
of  the  constituents  of  a  molten  mass,  the  heavier  minerals  sinking  through 
the  lighter,  so  that  the  upper  portions  of  the  mass  will  become  more  felspathic 
and  the  lower  parts  more  augitic  and  ferruginous.^ 

Leopold  von  Buch  found  that  in  some  of  the  highly  glassy  lavas  of  the 
Canary  Islands  the  felspar  increases  towards  the  bottom  of  the  mass,  becom- 
ing so  abundant  as  almost  to  exclude  the  matrix,  and  giving  rise  to  a  com- 
pound that  might  be  mistaken  for  a  primitive  rock.** 

Darwin  observed  that  in  a  grey  basalt  filling  up  the  hollow  of  an  old 
crater  in  James  Island,  one  of  the  CJalapagos  group,  the  felspar  crystals 
became  much  more  abundant  in  the  lower  scoriaceous  part,  and  he  discussed 
the  question  of  the  descent  of  crystals  by  virtue  of  their  specific  gravity 
through  a  still  molten  lava.^ 

Mr.  Clarence  King  during  a  visit  to  Hawaii  found  that  in  every  case 
where  he  broke  newly-congealed  streamlets  of  lava,  "  the  bottom  of  the  flow 
was  thickly  crowded  with  triclinic  felspars  and  augites,  while  the  whole 
upper  part  of  the  stream  was  of  nearly  pure  isotropic  and  acid  glass."  ^  This 
subject  will  be  again  referred  to  when  we  come  to  discuss  the  characters  of 
intrusive  sills  and  bosses,  for  it  is  among  them  that  the  most  marked  petro- 
graphical  variations  may  be  observed.  Examples  will  be  cited  both  from 
the  intrusive  and  extrusive  volcanic  groups  of  Britain. 

Volcanic  cycles. — Closely  related  to  the  problem  of  the  range  of  struc- 

'  M.  Boule,  Bull  Cart.  OM.  France,  No.  28,  torn.  iv.  (1892),  p.  23,'.. 

*  M.  Boule.     Op.  cit.  p.  234.  ^  Volcanoes,  p.  125. 

*  description  Physique  des  Is/cs  Canaries  (1836),  p.  190. 

*  Crtdogical  Observations  on  Volcanic  Islands  (1844),  p.  117. 

*  U,S,  (koL  Exploration  of  the  Fortieth  Parallel ,  vol.  i.  (1878),  p.  716. 
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tiire  and  composition  in  a  single  mass  of  lava  is  another  problem  presented 
by  the  remarkable  sequence  of  different  types  of  lava  which  are  erupted 
within  a  given  district  during  a  single  volcanic  period.  Nearly  thirty  years 
ago  Baron  von  Eichthofen  drew  attention  to  the  sequence  of  volcanic 
materials  erupted  within  the  same  geographical  area.  He  showed,  more 
especially  from  observations  in  Western  America,  that  a  definite  order  of 
appearance  in  the  successive  species  of  lava  could  be  established,  the  earliest 
eruptions  consisting  of  materials  of  an  intermediate  or  average  composition, 
and  those  of  subsequent  outflows  becoming  on  the  whole  progressively  more 
acid,  but  finishing  by  an  abrupt  transition  to  a  basic  type.  His  sequence  was 
as  follows:  1.  Propylite;  2.  Andesite ;  3.  Trachyte;  4.  Rhyolite ;  5.  Basalt.^ 
This  generalisation  has  been  found  to  hold  good  over  wide  regions  of 
the  Old  World  as  well  as  the  New.  It  is  not,  liowever,  of  universal  appli- 
cation.*' Examples  are  not  uncommon  of  an  actual  alternation  of  acid  and 
basic  lavas  from  the  same,  or  at  least  from  adjacent  vents.  Such  an  alterna- 
tion occurs  among  the  Tertiary  eruptions  of  Central  France  and  among  those 
of  Old  Red  Sandstone  age  in  Scotland. 

♦  The  range  of  variation  in  the  nature  of  the  eruptive  rocks  during  the 
whole  of  a  volcanic  period  in  any  district  may  be  termed  "  a  volcanic  cycla" 
In  Britain,  where  the  records  of  many  volcanic  periods  have  been  presented, 
a  number  of  such  cycles  may  be  studied.  In  this  way  the  evolution  of  the 
subterranean  magma  during  one  geological  age  may  be  compared  with  that 
of  another.  It  will  be  one  of  the  objects  of  the  following  chapters  to  trace 
out  this  evolution  in  each  period  where  the  requisite  materials  for  the 
purpose  are  available.  We  shall  find  that  back  to  Archaean  time  a  number 
of  distinct  cycles  may  l)e  observed,  differing  in  many  respects  from  each 
otlier,  but  agreeing  in  the  general  order  of  development  of  the  successive 
eruptions.  Leaving  these  British  examples  for  future  consideration,  it  may 
be  useful  to  cite  here  a  few  from  the  large  series  now  collected  from  the 
European  continent  and  North  America.^ 

Among  the  older  rocks  of  the  European  continent,  Prof.  Brogger  has 
shown  that  in  the  Christiania  district  the  eruptive  rocks  which  traverse  the 
Cambrian  and  Silurian  formations  began  with  the  outburst  of  basic  material 

*  Traatt.  Acad.  California,  1868.     Prof.  Iddings'  Joum.  Geol,  vol.  i.  (1893),  p.  606. 

-  See  Prof.  Brogger,  **  Die  Eruptivgcsteine  des  Kristianiagebictes, "  part  ii.  (1895),  p.  175  ;  Zeitsch, 
Kryst.  und  Mineralj  vol.  xvi.  (1890)  p.  83.  This  author  would,  fi-om  this  point  of  view,  draw 
a  distinction  between  rocks  which  have  consolidated  deep  within  the  earth  and  those  which  have 
flowed  out  at  the  surface,  since  he  thinks  that  we  are  not  justified  in  applying  our  exiierience  of 
the  orrler  of  sequence  in  the  one  series  to  the  other.  Yet  there  can  be  no  doubt  that  in  many  old 
volcanic  districts  the  masses  that  may  be  presumed  to  have  consolidated  at  a  great  depth  have 
been  in  unbroken  connection  with  masses  that  reached  the  surface.  These  latter,  as  Prof.  Iddings 
lias  urged,  furnish  a  much  larger  body  of  evidence  than  the  intrusive  sheets  and  bosses. 

^  Prof.  M.  Bertrand  in  a  suggestive  i>aper  published  in  1888  dealt  with  the  general  order  of 
apj)earance  of  eruptive  rocks  in  different  provinces  of  Europe.  But  the  materials  then  at  his 
command  probably  did  not  warrant  him  in  offering  more  than  a  sketch  of  the  subject.  Bull,  Soe, 
(tcoLj  France,  xvi.  p.  573.  In  the  same  volume  there  is  a  paper  by  M.  Le  Verrier,  who  annouDces 
his  opinion  that  the  eruption  of  the  basic  rocks  takes  place  in  times  of  terrestrial  calm,  whil« 
that  of  the  acid  rocks  occurs  in  i»eriods  of  great  disturbance,  op.  cit.  p.  498.  Compare  also 
Prof.  Briigger,  Die  EruptivijcsUine  dcs  Kristianiagehieica,  ii.  p.  169. 
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such  as  melaphyre,  augite-porphyrite,  and  gabbro-dialmse,  having  from  about 
44  to  about  52  per  cent  of  silica.  These  Were  followed  by  rocks  with  a 
silica-percentage  ranging  from  about  50  to  61,  including  some  characteristic 
Norwegian  rocks,  like  the  rhomben-porphyry.  The  acidity  continued  to 
increase,  for  in  the  next  series  of  eruptions  the  silica-percentage  rose  to 
between  60  and  67,  the  characteristic  rock  being  a  quartz-syenite.  Tlien 
came  deep-seated  protrusions  of  highly  acid  rocks,  varieties  of  granite, 
containing  from  68  to  75  per  cent  of  silica.  The  youngest  eruptive 
masses  in  the  district  show  a  complete  change  of  character.  They  are 
basic  dykes  (proterobase,  diabase,  etc.).^ 

The  same  author  institutes  a  comparison  between  the  post-Silurian 
eruptive  series  of  Chris tiania  and  that  of  the  Triassic  system  in  the  Tyrol, 
and  believes  that  the  two  cycles  closely  agree.^ 

During  Tertiary  time  in  Central  France  more  than  one  cycle  may  be 
made  out  in  distinct  districts.  Thus  in  the  Velay,  during  the  Miocene 
period,  volcanic  activity  began  with  the  outpouring  of  basalts,  followed 
successively  by  trachytes,  labradorites  and  augitic  andesites,  phonolites 
and  basalts.  The  Pliocene  eruptions  showed  a  reversion  to  the  inter- 
mediate types  of  augitic  andesites  and  trachytes,  followed  by  abundant 
basalts,  which  continued  to  be  poured  forth  in  Pleistocene  time.^ 

Further  north,  in  Auvergne,  where  the  eruptions  come  down  to  a  later 
period,  the  volcanic  sequence  appears  to  have  been  first  a  somewhat  acid 
group  of  lavas  (trachytes  or  domites),  followed  by  a  series  of  basalts,  then 
by  andesites  and  labradorites,  the  latest  outflows  again  consisting  of  basalts.* 

Not  less  striking  is  the  succession  of  lavas  in  the  Yellowstone  region, 
as  described  by  Mr.  Iddings.  Tlie  first  eruptions  consisted  of  andesites. 
These  were  followed  by  abundant  discharges  of  basalt,  succeeded  by  later 
outflows  of  andesite,  and  of  basalt  like  that  previously  erupted.  After  a 
period  of  extensive  erosion,  occupying  a  prolonged  interval  of  time,  volcanic 
energy  was  renewed  by  the  eruption  of  a  vast  flood  of  rhyolite,  after  wliich 
came  a  feebler  outflow  of  basalt  that  brought  the  cycle  to  a  close,  though 
geysers  and  fumaroles  show  that  the  volcanic  fires  are  not  yet  entirely 
extinguished  below.^ 

But  not  only  is  there  evidence  of  a  remarkable  evolution  or  succession 
of  erupted  material  within  the  volcanic  cycle  of  a  single  geological  i>eriod. 
One  of  the  objects  of  the  present  work  is  to  bring  forward  proofs  that  such 

*  Eruptivgest,  Kristianiagcb.y  1895. 

^  Op,  cU.  He  sup]:>oses  in  each  case  the  pre-existence  of  a  |)areiit  magma  from  which  the 
eniptiye  series  started  and  which  had  a  silica-perceutage  of  about  64  or  65.  In  this  difficult 
subject  it  is  of  the  utmost  importance  to  accumulate  fact  before  proceeding  to  speculation. 

^  M.  Boule,  *'  Description  G^ologique  du  Velay,"  Bull,  Carte.  Gt'ol,  France,  1892.  This  author 
draws  si)ecial  attention  to  the  evidence  for  the  alternation  of  basic  and  more  acid  material  in  the 
Tertiary  eruptions  of  Central  France. 

*  M.  Michel  Levy,  Bull.  Soc,  Giol,  France,  1890,  p.  704. 

'  JounuU  of  Geolog^y,  Chicago,  i.  (1893)  p.  606.  See  also  this  author's  excellent  monograph 
on  "Electric  Peak  and  Sepulchre  Mountain,"  12/A  Ann,  Rep,  U,S,  Gcol,  Survey  (1890-91),  and 
Mr.  H.  W.  Turner  on  *'  The  Succession  of  Tertiary  Volcanic  Rocks  in  the  Sierra  Nevada  of  North 
America,"  14^A  Ann,  Rep,  U.S.  Gcol.  Survey  (1892-93),  p.  493. 
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cycles  have  succeeded  each  other  again  and  again,  at  widely  separated 
intervals,  within  the  same  region.  After  the  coinpletion  of  a  cycle  and  the 
relapse  of  volcanic  energy  into  repose,  there  has  been  a  renewal  of  the 
previous  condition  of  the  subterranean  magma,  giving  rise  ultimately  to  a 
similar  succession  of  erupted  materials. 

If  we  are  at  a  loss  to  account  for  the  changes  in  the  sequence  of  lavas 
(luring  a  single  volcanic  cycle,  our  difficulties  are  increased  when  we  find 
that  in  some  way  the  magma  is  restored  each  time  to  somewhat  the  same 
initial  condition.  Analogies  may  be  traced  between  the  diflferentiation 
which  has  taken  place  within  a  plutonic  intrusive  boss  or  sill  and  the 
sequence  of  lavas  in  volcanic  cycles.  It  can  be  shown  that  though  the 
original  magma  that  supplied  the  intrusive  mass  may  be  supposed  to  have 
had  a  fairly  uniform  composition  deep  down  in  its  reservoir,  differentiation 
set  in  long  before  the  intrusive  mass  consolidated,  the  more  basic  con- 
stitutents  travelling  outwards  to  the  margin  and  leaving  the  central  parts 
more  acid.  If  some  such  process  takes  place  within  a  lava-reservoir,  it 
may  account  for  a  sequence  of  variations  in  composition.  But  this  would 
not  meet  all  the  difficulties  of  the  case,  nor  explain  the  determining  cause 
of  the  separation  of  the  constituents  within  the  reservoir  of  molten  rock, 
whether  arising  from  temperature,  specific  gravity,  or  other  influence.  This 
subject  will  be  further  considered  in  connection  with  intrusive  Bosses. 

.  Another  fact  which  may  be  regarded  as  now  well  established  is  the 
persistence  of  composition  and  structure  in  the  lavas  of  all  ages.  Notwith- 
standing the  oft-repeated  cycles  in  the  character  of  the  magma,  the  materials 
erupted  to  the  surface,  whether  acid  or  basic,  have  retained  with  wonderful 
uniformity  the  same  fundamental  characteristics.  Xo  part  of  the  contribu- 
tion of  British  geology  to  the  elucidation  of  the  history  of  volcanic  action  is 
of  more  importance  than  the  evidence  which  it  furnishes  for  this  persistent 
sameness  of  the  subterranean  magma.  An  artificial  line  has  sometimes  been 
drawn  between  the  volcanic  products  of  Tertiary  tune  and  those  of  earlier 
ages.  But  a  careful  study  of  the  eruptive  rocks  of  Britain  shows  that 
no  such  line  of  division  is  based  upon  any  fundamental  differences. 

The  lavas  of  Palaeozoic  time  have  of  course  been  far  longer  exposed  to 
alterations  of  every  kind  than  those  of  the  Tertiary  periods,  and  certain 
superficial  distinctions  may  be  made  between  them.    But  when  these  accidental 
differences  are  eliminated,  we  find  that  the  oldest  known  lavas  exhibit  the 
same  types  of  structure  and  composition  that  are  familiar  in  those  of  Tertiary 
and  recent  volcanoes.     Many  illustrations  of  this  statement  will  be  furnished 
in  later  chapters.     As  a  particularly  striking  instance,  I  may  cite  here  the 
most  ancient  and  most  modern  lavas  of  the  Grand  Canon  of  the  Colorado. 
Mr.  Walcott  and  Mr.  Iddings  have  shown  that  in  the  Lower  Cambrian,  or 
possibly  pre-Cambrian,  formations  of  that  great  gorge,  certain  basic  lavas 
were  contemporaneously  interstratified,  which,  in  spite  of  their  vast  antiquity" , 
are  only  slightly  different  from  the  modern  basalts  that  have  been  poure^L 
over  the  surrounding  plateau.^ 

'  \Uh  Anmial  Report  U.S.  (reol.  Survey  (1892-93) 
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The  chief  lavas  found  ix  Britain. — Of  the  lavas  which  have  been 
poured  out  at  the  surface  within  the  region  of  the  British  Isles,  the  following 
varieties  are  of  most  frequent  occurrence.  In  the  acid  series  are  Ehyolites 
and  Felsites,  but  the  vitreous  forms  are  probably  all  intrusive.  The  inter- 
mediate series  is  represented  by  Trachytes  and  Andesites  (Porphyrites), 
which  range  from  a  glassy  to  a  holocrystalline  structure.  The  basic  series 
includes  Dolerites,  Diabases,  Basalts,  Liraburgites  (or  Magma-basalts,  con- 
taining little  or  no  felspar),  and  Picrites  or  other  varieties  of  Peridotites. 
The  intrusive  rocks  display  a  greater  variety  of  composition  and  structure. 

ii.  volcanic  agglomerates,  breccias  and  tuffs 

The  coarser  fragmentary  materials  thrown  from  volcanic  vents  are 
known  as  Agglomerates  where  they  show  no  definite  arrangement,  and 
especially  where  they  actually  fill  up  the  old  funnels  of  discharge.  When 
they  have  accumulated  in  sheets  or  strata  of  angular  detritus  outside  an 
active  vent  they  are  termed  Breccias,  or  if  their  component  stones  have 
been  water-worn.  Conglomerates.  The  finer  ejected  materials  may  be  com- 
prehended under  the  general  name  of  Tufls. 

Although  these  various  forms  of  pyroclastic  detritus  consist  as  a  rule 
of  thoroughly  volcanic  material,  they  may  include  fragments  of  non-volcanic 
rocks.     This  is  especially  the  case  among  those  which  represent  the  earliest 
explosions  of  a  volcano.     The   first  efforts   to  establish  an  eruptive  vent 
lead  to  the  shattering  of  the  terrestrial  crust,  and  the  consequent  discharge 
of  abundant  debris  of  that  crust.     The  breccias  or  agglomerates  thus  pro- 
duced may  contain,  indeed,  little  or  no  truly  volcanic  material,  but  may  be 
made   up  of  fragments  of  granite,  gneiss,  sandstone,  limestone,  shale,   or 
whatever  may  happen  to  be  the  rocks  through  which  the  eruptive  orifice 
has  been  drilled.      If  the  first  explosions  exhausted  the  energy  of  the  vent, 
it  may  happen  that  the  only  discharges  from  it  consisted  merely  of  non- 
volcanic  debris.     Examples  of  this  kind  have  been  cited  from  various  old 
volcanic  districts.     A  striking  case  occurs  at  Sepulchre  Mountain  in  the 
Yellowstone  Park,  where  the  lower  breccias,  the  product  of  the  earliest 
explosions  of  the  Electric  Peak  volcano,  and  attaining  a  thickness  of  500 
feet,  are  full  of  pieces  of  the  Archaean  rocks  which  underlie  the  younger 
formations  of  that  district.^     These  non-volcanic  stones  do  not  occur  among 
t\ie  breccias  higher  up.      Obviously,   however,   though  most  abundant  at 
first,  pieces  of  the  underlying  rocks  may  reappear  in  subsequent  discharges, 
wherever  by  the  energy  of  explosion,  fragments  are  broken  from  the  walls 
of  a  volcanic  chimney  and  hurled  out  of  the  crater.     Illustrations  of  these 
features  will  lie  given  in  the  account  of  the  British  Carboniferous,  Permian 
and  Tertiary  volcanic  rocks. 

It  will  be  obvious  that  where  the  component  materials  of  such  frag- 
mentary accumulations  consist  entirely  of  non-volcanic  rocks,  great  caution 
must  be  exercised  in  attributing  them  to  volcanic  agency.     Two  sources  of 

'  Prof.  J.  p.  Iddiiigs,  VUh  Ann.  Rep.  U.S.  Gcol.  Survey  (1890-91),  p.  634. 
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error  in  such  cases  may  here  be  pointed  out.  In  the  first  place,  where 
angular  detritus  has  been  precipitated  into  still  water,  as,  for  instance, 
from  a  crag  or  rocky  declivity  into  a  lake,  a  very  coarse  and  tumultuous 
kind  of  breccia  may  be  formed.  It  is  conceivable  that,  in  course  of 
time,  such  a  breccia  may  be  buried  under  ordinary  sediments,  and  may 
thereby  be  preserved,  while  all  trace  of  its  parent  precipice  may  have 
disappeared.  The  breccia  might  resemble  some  true  volcanic  agglomerates, 
but  the  resemblance  would  be  entirely  deceptive. 

In  the  second  place,  notice  must  be  taken  of  the  frequent  results  of 
movements  within  the  terrestrial  crust,  whereby  rocks  have  not  only  been 
ruptured  but,  as  already  pointed  out,  have  been  crushed  into  fragments. 
In  this  way,  important  masses  of  breccia  or  conglomerate  have  been  formed, 
sometimes  running  for  a  number  of  miles  and  attaining  a  breadth  of  several 
hundred  feet.  The  stones,  often  in  huge  blocks,  have  been  derived  from 
the  surrounding  rocks,  and  while  sometimes  angular,  are  sometimes  well- 
rounded.  They  are  imbedded  in  a  finer  matrix  of  the  same  material,  and 
may  be  scattered  promiscuously  through  the  mass,  in  such  a  way  as  to 
present  the  closest  resemblance  to  true  volcanic  breccia.  Where  the 
crushed  material  has  included  ancient  igneous  rocks  it  might  deceive  even 
an  experienced  geologist.  Indeed,  some  rocks  which  have  been  mapped  and 
described  as  volcanic  tuffs  or  agglomerates  are  now  known  to  be  only 
examples  of  "  crush-conglomerates."  ^ 

Not  only  have  vast  quantities  of  detritus  of  non-volcanic  rocks  been 
shot  forth  from  volcanic  vents,  but  sometimes  enormous  solid  masses  of 
rock  have  been  brought  up  by  ascending  lavas  or  have  been  ejected  by  ex- 
plosive vapours.  Every  visitor  to  the  puys  of  Auvergne  will  remember  the 
great  cliff-like  prominence  of  gi-anite  and  mica-schist  which,  as  described  long 
ago  by  Scrope,  has  been  carried  up  by  the  tracliyte  of  the  Puy  Chopine, 
and  forms  one  of  the  summits  of  the  dome  (Fig.  344).  The  same  pheno- 
menon is  observable  at  the  Puy  de  Montchar,  where  large  blocks  of  granite 
have  been  transported  from  the  underlying  platform.  Abich  has  described 
some  remarkable  examples  in  the  region  of  Erzeroum.  The  huge  crater  of 
Palandokan,  9687  feet  above  the  sea  contains,  in  clift-like  projections  from 
its  walls  as  well  as  scattered  over  its  uneven  bottom,  great  masses  of 
marmorised  limestone  and  alabaster,  associated  with  pieces  of  the  green 
chloritic  schists,  serpentines  and  gabbros  of  the  underlying  non-volcanic 
platform.  These  rocks,  which  form  an  integral  part  of  the  structure  of  the 
crater,  have  been  carried  up  by  masses  of  trachydoleritic,  andesitic  and 
quartz-trachytic  lavas.*^  Examples  will  be  given  in  a  later  chapter  showing 
how  gigantic  blocks  of  mica-schist  and  other  rocks  have  been  carried  many 
hundred  feet  upwards  and  buried  among  sheets  of  lava  or  masses  of  agglo- 
merates during  the  Tertiary  volamic  period  in  Britain  (Fig.  262). 

1  For  an  acoount  of  "crusli-conglonierates,"  see  Mr.  Lami>liigh's  (MLjier  on  those  of  the  Isle  of 
Man,  Quart,  Journ.  GeoL  Soc,  li.  (1895),  p.  563.  Mr.  M 'Henry  has  ]>ointed  to  probable  cases  of 
mistake  of  this  kind  in  Ireland,  Xaturc,  5tli  March  1896.     A.  Geikie,  Oeof.  Mag.  November  1896. 

2  Abich,  Geologic  dts  Armcnischfn  HochhmfJcs  (Part  ii..  western  half),  1882,  p.  76. 
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In  the  vast  majority  of  cases,  the  fragmentary  substances  ejected  by 
ancient  volcanic  explosions,  like  those  of  the  present  day,  have  consisted 
wholly  or  mainly  of  material  which  existed  in  a  molten  condition  within 
the  earth,  and  which  has  been  violently  expelled  to  the  surface.  Such 
ejected  detritus  varies  from  the  finest  impalpable  dust  or  powder  up  to 
huge  masses  of  solid  rock.  These  various  materials  may  come  from  more 
than  one  source.  Where  a  volcanic  orifice  is  blown  out  through  already 
solidified  lavas  belonging  to  previous  eruptions,  the  fragments  of  these  lavas 
may  accumulate  within  or  around  the  vent,  and  l)e  gradually  consolidated 
into  agglomerate  or  breccia.  Again,  explosions  within  the  funnel  may 
break  up  lava-crusts  that  have  there  formed  over  the  cooling  upper  surface 
of  the  column  of  molten  rock.  Or  the  uprising  lava  in  the  chimney  may 
be  spurted  out  in  lumps  of  slag  and  bombs,  or  may  be  violently  l)lown  out 
in  the  form  of  minute  lapilli,  or  of  extremely  fine  dust  and  ashes. 

Although  in  theory  these  several  varieties  of  origin  may  be  discriminated, 
it  is  hardly  possible  always  to  distinguish  them  among  the  products  of 
ancient  volcanic  action.  In  the  great  majority  of  cases  old  tuffs,  having 
been  originally  deposited  in  water,  have  undergone  a  good  deal  of  decom- 
position, and  such  early  alteration  has  been  aggravated  by  the  subsequent 
influence  of  percolating  meteoric  water. 

Where  disintegration  has  not  proceeded  too  far,  the  finer  particles  of 
tufis  may  be  seen  to  consist  of  minute  angular  pieces  of  altered  glass,  or  of 
microlites  or  crystals,  or  of  some  vitreous  or  semi-vitreous  substance,  in 
which  such  microlites  and  crystals  are  enclosed.  It  has  already  been  stated 
that  the  occurrence  of  glass,  or  of  any  substance  which  has  resulted  from 
the  devitrification  of  glass,  may  be  taken  as  good  evidence  of  former  volcanic 
activity. 

Most  commonly,  especially  in  the  case  of  tuffs  of  high  antiquity,  like 
those  associated  with  the  Paheozoic  formations,  the  fresh  glassy  and  micro- 
litic  constituents,  so  conspicuous  in  modern  volcanic  ashes,  are  hardly  to  be 
recognised.  The  finer  dust  which  no  doubt  contained  these  characteristic 
substances  has  generally  passed  into  dull,  earthy,  gi-anular,  or  structureless 
material,  though  here  and  there,  among  basic  tufis,  remaining  as  palagonite. 
In  the  midst  of  this  decayed  matrix,  the  lapilli  of  disrupted  lavas  may 
endure,  but  it  may  l>e  difficult  or  impossible  to  decide  whether  they  were 
derived  from  the  breaking  up  of  older  lavas  by  explosion,  or  from  the 
blowing  out  of  the  lava-cnists  within  the  funnel. 

The  cellular  structure,  which  we  have  seen  to  be  a  markedly  volcanic 
peculiarity  among  the  lavas,  is  not  less  so  in  their  fragments  among  the 
agglomerates,  breccias  and  tuffs ;  indeed  it  may  be  said  to  be  eminently 
characteristic  of  them.  The  vesicles  in  the  lapilli,  bombs,  and  blocks  are 
sometimes  of  large  size,  as  in  masses  of  ejected  slag,  but  they  range  down 
to  .microscopic  minuteness.  The  lapilli  of  many  old  tuffs  are  sometimes 
so  crowded  with  such  mirmte  pores,  as  to  show  tliat  they  were  originally 
true  pumice. 

The  composition  of  tuffs  must  obviously  depeml  uj)on  that  of  the  lavtis 
VOL.  I  D 
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from  which  they  were  derived.  But  their  frequently  decayed  condition 
makes  it  less  easy,  in  their  case,  to  draw  definite  boundary-lines  between 
varieties.  In  a  group  of  acid  lavas,  the  tuffs  may  be  expected  to  be  also 
acid,  while  among  intermediate  or  basic  lavas,  the  tuffs  will  generally  be 
found  to  correspond.  There  ai-e,  however,  exceptions  to  this  general  rule. 
As  will  be  afterwards  describad  in  detail,  abundant  felsitic  tuffs  may  be 
seen  among  the  andesitic  lavas  of  Lower  Old  lied  Sandstone  age  in  Scotland, 
and  rhyolitic  tuffs  occur  also  among  the  Tertiary  basalts  of  Antrim. 

As  a  rule,  basic  and  intermediate  tuffs,  like  the  lavas  from  which  they 
have  been  derived,  are  rather  more  prone  to  decomposition  than  the  acid 
varieties.  One  of  their  most  characteristic  features  is  the  presence  in  them 
of  lapilli  of  a  minutely  vesicular  pumice,  which  will  be  more  particularly 
described  m  eonnet-tiou  with  \olcanic  necks,  of  which  it  is  a  characteristic 
constituent  Occasional  detached  crystals  of  volcanic  minerals,  either  entire 
or  broken  raaj  be  detected  in  them,  though  perhaps  less  frequently  than 
in  the  ^glomeiates  The  earthy  matrix  is  generally  greenish  in  colour, 
varying  into  shades  of  brick  led  purple  and  brown. 

The  acid  tuffs  ire  on  tlie  whole,  paler  in  colour  than  the  others,  some- 
times  indeed   they   ire   white   or    pale   grey,   but   graduate   into   tones   of 
humatitic  red  oi   brown   the  \arying  ferruginous  tints  being  indicative  of 
stages  in  tlie  o\idation   of  the  iron-bearing  constituent   minerals.       Small 
rounded  lapiIli  or  angulii    fragments  of  felsite  or  rhyolite  may  he  noticed 
among  them  scmetmips  e\hibiting  the  most  perfect  How-structure.    As  typical 
examples  tt  such  tuffi    I  may  refer  to  those  of  the   Tentland  Hdls,  near 
Edinburgh  md  those  that  he  between  the  two  groups  of  basalt  in  Antrim. 
Thrown  out  promibcuouslv  from  active   \'ents,  the  materials  that  form 
tufls    aiTange    themselves,    on    the    whole, 
according  to  relati\-e  size  over  the  surface 
•..O.J..I"'      .=        o     ^«^        on  which   they  come   to   rest,   the   laq^t 
being    generally   grouped    nearest    to    the 
focus  of  discharge,  and  the  finest  extending 
\\  ~ -       farthest  from  it.     As  the  volcanoes  of  which 

o-n*  •■"      records  have  been  preserved  among  the  geo- 

'Jt  logical  formations  were  chiefly  subaqueous, 

,    „  o       the  fragmentary  suletances,  as  they  fell  into 

"J*t  ^  water,  would  naturally  be  to  some  extent 

*fSS3^^^?3i;^<^:^*^t«^'='  spread  out  by  the  action  of  currents  or 
111.  i3-Aiienintioii»offoaiN,r  t  huer  waves.  They  would  thuB  tcud  to  take  a 
more  or  less  distinctly  stratified  arrangement. 
Moreover,  as  during  an  eruption  there  might  be  successi\'e  paroxysms  of 
violence  in  the  di.schat^es,  coarser  and  finer  detritus  would  successively 
fall  over  the  same  spot.  lu  this  way,  rapid  alternations  of  texture 
would  arise  (Fig.  1^),  A  little  experience  will  enable  the  observer  to 
distinguish  between  such  truly  volcanic  variations  and  those  of  ordinary 
sedimentation,  where,  for  insttmce,  layers  of  gravel  and  sand  repeatedl"^ 
alternate.     Besides  tlie   volcanic   iiatura  of  the   fragments  and  their  nt>-»-» 


CHAP.  Ill  NA  TURE  OF  TUFFS  3S 

water-woru  forms,  he  will  notice  tliat  here  and  there  the  liiryer  blocks  may 
l)e  placed  on  end— a  position  the  reverse  of  that  uaual  iu  the  disposal  of 
aqueous  sedimentB,  but  one  which  is  not  infiequently  iissumed  by  ejected 
stones,  even  when  they  fall  through  some  little  depth  of  water.  Further, 
the  occurrence  of  large  pieces  of  kva,  scattered  at  random  through  deposits 
of  fine  tuff,  would  lead  hiiu  to  recognize  the  tumultuous  discharges  of  a 
volcanic  focus,  rather  than  the  sortiiif;  and  sifting  action  of  moving  water. 

Admirable  illustrations  of  these  various  characteristics  may  be  gathered 
in  endless  number  from  the  Pahtozoic  volcanic  chronicles  of  Biitain,  I  may 
especially  cite  the  hasiii  of  the  Firth  of  Forth  as  a  classical  region  for  the 
study  of  Carboniferous  examples. 

>Vhen  the  conditions  of  modern  volcanic  eruptions  are  considered,  it  will 
be  seen  that  where  ejected  ashes  and  stones  fall  into  water,  they  will  there 
mingle  with  any  ordinary  sediment  that  may  be  iu  course  of  deposition  at 
the  time.  There  will  thus  be  a  blending  of  volcanic  and  uon  -  volcanic 
detritus,  and  the  transition  between  the  two  may  be  so  insensible  that  no 
liard   line  of   demarcation   can   l)e   drawn. 

Such  intermingling  has  continually   taken      FXXi3_QIjnLiLJLjLlij  ' 
place  during  past  agea      One  of  the  first    ~p"i"7^^^L2^:SS££si5Lr  ^ 
lessons  learnt  by  the  geologist,  who  begins     ^1|  I  [  '\\  \  ^  yl  ^  ■XU-t^U---  , 
the  study  of  ancient   volcanic   records,   is     |7''  '\\\     \(^X^'^ 
the  necessity  of  rect^iizing  this  gradation     ^.i^^cs-i?^-^'^'^^ 
of   material,  and   likewise    the   frequently     ''TTTTTK 
recurring    alternations   of    true    tuff    with      '  ■  ■;'■'.- 'C'^  —-^  "-■'sv:z;'J^-rn" 
shale,  sandstone,  limestone  or  other  entirely    "  __LJH-^'*>rVi=-<-4~'W^V^ 
non-volcanic  detritus  (Fig.  141.     He  soon     ■  v^  ;I}i;"J.'>r-^'>;:'„jV=';^-''*>.  ' 
perceives  that  such  facts  as  these  furnish      '■•t'''^y^-:'^°^'^'<^-'^-^^ 
him  with  some  of  the  most  striking  proofs 
of    the    reality   and    progress     of    former 
eruptions.     The  intermingling  of  much  ordinarj-  detritus  with  the  volcanic 
material  may  be  regarded  as  indicative  either  of  comparatively  feeble  ac- 
tivity, or  at  least  of  considerable  distance  from  the  focus  of  discharge.      It 
is  sometimes  possible  to  trace  such  intermixtures  though  gradually  augment- 
ing proportions  of  volcanic  dust  and  stones,  until  the  deposit  becomes  wholly 
volcanic  in  composition,  and  so  coarse  in  texture  as  to  indicate  the  prox- 
imity of  the  eruptive  vent.     On  the  other  band,  the  gradual  decrease  of  the 
volcanic  ejections  can  be  followed  in  the  upward  seiiuence  of  a  series  of 
stratified  dejHsita,  until  the  whole  material  ]>ecomes  entii'cly  non-volcanic. 

The  occurrence  of  thin  partings  of  tuff  between  ordinary  sedimentary 
strata  points  to  occasional  intermittent  eruptions  of  ashes  or  stones,  the 
vigour  and  dunttion  of  each  eruptive  interval  being  roughly  indicated  by  the 
thickness  and  coarseness  of  the  volcanic  detritus.  The  pauses  in  the  volcanic 
activity  allowed  the  deposit  of  onlinary  sediment  to  pnxseed  unchecked. 
The  nature  of  such  non-volcanic  intercalations  gives  a  clue  to  the  physical 
conditions  of  sedimentation  at  the  time,  while  their  thickness  affords 
some  indication  of  the  relative  duration  of  the  i>eriod8  of  volcanic  repose. 
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A  little  reflection  will  convince  the  observer  that  in  such  a  section  as 
that  represented  in  Fig.  14  the  volcanic  intercalations  must  be  regarded  as 
a  mere  local  accident.  Evidently  the  normal  conditions  of  sedimentation  at 
the  time  these  strata  were  accumulated  are  indicated  by  the  limestone  bands 
(/,  /).  Had  there  been  no  volcanic  eruptions,  a  continuous  mass  of  limestone 
would  have  been  deposited,  but  this  continuity  was  from  time  to  time 
interrupted  by  the  explosions  that  gave  rise  to  the  intercalated  bands  of 

tuff  {U  0- 

The  application  of  these  rules  of  geological  evidence  will  be  best  under- 
stood from  actual  examples  of  their  use.  Many  illustrations  of  them  will 
be  subsequently  given,  more  especially  from  the  volcanic  records  of  the 
Carboniferous  period. 

One  of  the  most  interesting  peculiarities  of  interstratified  tuffs  is  the 
not  infrequent  occun-ence  of  the  remains  of  plants  and  animals  imbedded 
in  them.  Such  remains  would  have  been  entombed  in  the  ordinary  sedi- 
meut  had  there  been  no  volcanic  eruptions,  and  their  presence  in  the  tuffs 
is  another  convincing  proof  of  contemporaneous  volcanic  action  during  the 
deposition  of  a  sedimentary  series.  But  they  may  be  made  to  furnish  much 
more  information  as  to  the  chronology  of  the  ei-uptions  and  the  physical 
geography  of  the  localities  where  the  volcanoes  were  active,  as  will  be  set 
forth  farther  on. 

Tuffs,  as  already  remarked,  frequently  occur  without  any  accompani- 
ment of  lava,  although  lavas  seldom  appear  without  some  tuff.  We  thus 
learn  that  in  tlie  past,  as  at  present,  discharges  of  fragmentary  materials 
alone  were  more  common  than  the  outflow  of  lava  by  itself.  The  relative 
proportions  of  the  lavas  and  tuffs  in  a  volcanic  series  vary  indefinitely.  In 
the  Tertiary  basalt-plateaux  of  Britain,  the  lavas  succeed  each  other,  sheet 
above  sheet,  for  hundreds  of  feet,  with  few  and  trifling  fragmental  intercala- 
tions. Among  the  Carboniferous  volcanic  ejections,  on  the  other  hand,  many 
solitary  or  successive  bands  of  tuff  may  be  observed  without  any  visible 
sheets  of  lava.  Viewed  broadly,  however,  in  their  general  distribution 
during  geological  time,  the  two  great  groups  of  volcanic  material  may  be 
regarded  as  having  generally  appeared  together.  In  all  the  great  volcanic 
series,  from  the  base  of  the  Palaeozoic  systems  up  to  the  Tertiary  plateaux, 
lavas  and  tuffs  are  found  associated,  much  as  they  are  among  the  ejections 
of  modem  volcanoes.  They  often  alternate,  and  thus  furnish  evidence  as  to 
oscillations  of  energy  at  the  eruptive  vents. 

Now  and  then,  by  the  explosions  from  a  volcano  at  the  present  day,  a  single 
stone  may  be  ejected  at  such  an  angle  and  with  such  force  as  to  fall  to  the 
ground  at  a  long  distance  from  the  vent.  In  like  manner,  among  the  volcanic 
records  of  former  periods,  we  may  occasionally  come  upon  a  single  block  of 
lava  imbedded  among  tuffs  or  even  in  non-volcanic  strata.  Where  such  a 
stone  has  fallen  upon  soft  sediment,  it  can  be  seen  to  have  sunk  into  it^ 
pressing  down  the  layers  beneath  it,  and  having  the  subsequently  depositedk^ 
layers  heaped  over  it.  An  ejected  block  of  this  nature  is  represented  anion; 
tlie  tuffs  shown  in  Fig.  13.     Another  instance  from  a  group  of  non-volcanL^ 
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sediments  is  given  in  Fig.  1 5,  and  is  selected  irma  a  number  of  illustrations 
of  this  interesting  feature  wliioli  have  l«en  nbserveil  among  the  Lower 
Carboniferous  formations  of  the  liasin  of  the  Firth  of  Forth.  A  solitary 
block,  imbedded  in  a  series  of  strata,  would  nut,  of  course,  by  itself  afford  a 
demonstration  of  volcanic  activity.  There  are  various  ways  in  which  such 
stones  may  be  transported  and  drop(>ed  o\'er  a  muddy  watei-bottom.  They 
may,  for  example,  be  floated  off'  attached  to  sea-weeds,  or  wrapped  round 
by  the  roots  of  trees.  But  where  a  block  of  basalt  or  other  volcanic  rock 
has  obviously  descended  with  such  force  as  to  crusli  d<iwn  the  deposits  on 


which  it  fell,  and  when  lavas  and  tuff's  are  known  to  exist  in  the  vicinity, 
there  can  be  little  hesitation  in  regarding  such  a  blot'k  as  having  been 
ejected  from  a  neighljouring  vent,  either  during  an  explosion  of  exceptional 
violence  or  with  an  unusually  low  angle  of  projection. 

In  conclusion,  reference  may  conveniently  be  made  here  to  another 
variety  of  fragmental  volcanic  materials  which  cannot  always  be  satisfac- 
torily distinguished  from  true  tuffs,  although  arising  from  a  thoroughly 
non-volcanic  agency.  Where  a  mass  of  lava  has  been  exposed  to  denuda- 
tion, as,  for  instance,  when  a  volcanic  island  has  teen  formed  in  a  lake  or 
in  the  sea,  the  detritus  worn  away  from  it  may  be  spread  ont  like  any 
other  kind  of  sediment.  Though  derived  from  the  degradation  of  \a\o., 
such  a  mechanical  deposit  is  not  properly  a  tuff,  nor  can  it  even  be  included 
among  strictly  volcanic  fonaatioiis.  It  may  be  called  a  volcanic  conglomer- 
ate, rhyolitic  conglomerate,  diabase  sandstone,  felsitic  shale,  or  by  any 
other  name  that  will  adequately  denote  its  composition  and  texture.  Bnt 
it  may  not  afford  proof  of  strictly  contemporaneous  volcanic  activity.  All 
that  we  are  entitled  to  infer  from  sucli  a  deposit  is  that,  at  the  time 
when  it  was  laid  down,  volcanic  rocks  of  a  certain  kind  were  exposed 
at  the  surface  and  were  undei^oing  degradation.  But  the  date  of  their 
original  eruption  may  liave  been  long  previous  to  that  of  the  formation  of 
the  detrital  deposit  from  their  waste. 

Nevertheless,  it  is  sometimes  possible  to  make  sure  that  the  conglomerate 
or  sandstone,  though  wholly  due  to  the  mechanical  destruction  of  already 
erupted  lavas,  was  in  a  general  sense  contemporaneous  with  the  volcanoes 
that  gave  forth  these  lavas.  The  detrital  formation  may  be  traced  perhaps 
up  to  the  lavas  from  which  it  was  derived,  and  may  be  found  to  be  inter- 
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calated  in  the  same  sedimentary  series  with  which  they  are  associated. 
Or  it  may  contain  large  bombs  and  slags,  such  as  most  probably  came  either 
directly  from  explosions  or  from  the  washing  down  of  cinder-cones  or  other 
contemporaneously  existing  volcanic  heaps.  Examples  of  such  intercalated 
conglomerates  will  be  given  from  the  Lower  Old  Red  Sandstone  of  Central 
Scotland  and  from  the  Tertiary  volcanic  plateaux  of  the  Inner  Hebrides. 


CHAPTER  IV 

Materials  erupted  at  the  Surface — Extrusive  Series — continxud.  iii.  Types  of  old  Volcanoes 
— 1.  The  Vesuvian  Type  ;  2.  The  Plateau  or  Fissure  Type  ;  3.  The  Puy  Type.  iv. 
Determination  of  the  relative  Geological  Dates  of  ancient  Volcanoes,  v.  How  the 
Physical  Geography  associated  with  ancient  Volcanoes  is  ascertained. 

Having  now  taken  note  of  the  various  materials  ejected  to  the  surface  from 
volcanic  orifices,  we  may  pass  to  the  consideration  of  these  orifices  them- 
selves, with  the  view  of  ascertaining  under  what  various  conditions  volcanic 
action  has  taken  place  in  the  geological  past.  We  have  seen  that  modem 
and  not  long  extinct  volcanoes  may  be  grouped  into  three  ty^pes,  and  a 
study  of  the  records  of  ancient  volcanoes  shows  that  the  same  types  may 
l)e  recognized  in  the  eruptions  of  former  ages.  The  following  chapters  will 
supply  many  illustrations  of  each  type  from  the  geological  history^  of  the 
liritish  Isles.  In  dealing  with  these  illustrations,  however,  we  must  ever 
bear  in  mind  the  all-powerful  influence  of  denudation.  We  ought  not  to 
expect  to  meet  with  the  original  forms  of  the  volcanoes.  Some  little 
reflection  and  experience  may  be  required  before  we  can  realize  under  what 
aspect  we  may  hope  to  recognize  ancient  and  much-denuded  volcanoes.  It 
may  therefore  be  of  advantage  to  consider  here,  in  a  broad  way,  which  of 
the  original  characters  are  most  permanent,  and  should  be  looked  for  as 
mementoes  of  ancient  volcanoes  after  long  ages  of  denudation. 

iii.    TYPES    OF    OLD    VOLCANOES 

The  three  forms  of  ancient  volcanoes  now  to  be  discussed  are — Ist,  the 
Vesuvian  type ;  2nd,  the  Plateau  or  Fissure  type ;  and  3rd,  the  Puy  type. 

1.  Thr  Vesuvian  Type. — In  this  kind  of  volcano,  laviis  and  fragmental 
ejections  are  discharged  from  a  central  vent,  which  is  gradually  built  up 
by  succeasive  eruptions  of  these  materials.  As  the  cone  increases  in  size, 
parasitic  cones  appear  on  its  sides,  and  in  the  energy  and  completeness  of 
their  phenomena  become  true  volcanoes,  almost  rivalling  their  parent 
mountain.  Streams  of  lava  descend  upon  the  lower  grounds,  while  showers 
of  dust  and  ashes  are  spread  far  and  wide  over  the  surrounding  country. 

If  a  transvei-se  section  could  l)e  made  of  a  modern  Vesuvian  cone,  the 
volcanic  pile  would  be  found  to  consist  of  alternations  of  lavas  and  tuffs, 
thickest    at   the  centre,  and   thinning   away   in   all   directions.     At  some 
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distance  from  the  crater,  these  volcanic  materitils  might  be  seen  to  include 
layers  of  soil  and  remains  of  land- vegetal  ion,  marking  pauses  between  the 
eruptions,  during  which  soil  accumulated  and  plants  sprang  up  upon  it.  "Wliein 
the  lavas  and  ashes  had  made  their  way  into  sheets  of  fresh  water  or  into 
the  sea,  tliey  would  proltably  lie  found  interstratified  with  layers  of  ordinarj' 
sediment  containing  remains  of  the  animal  or  vegetable  life  of  the  time. 

Conceive  now  the  effects  of  prolonged  demidatioii  upon  such  a  pile  of 
\-oIcanic  rocks.  The  cone  will  eventually  be  worn  down,  the  crater  will 
disappear,  and  the  only  relics  of  the  eruptive  orifice  may  be  the  top  of  the 
central  lava-column  and  of  any  fragmental  materials  that  solidified  within 
the  vent  (Fig.  16).  The  waste  will,  on  the  whole,  be  greater  at  the  cone 
than  on  the  more  level  aieas  beyond.  It  might,  in  course  of  time,  reach 
the  original  surface  of  the  ground  on  which  the  volcano  binlt  up  its  heap 
of  ejected  material.     The  central  lava-plug  might  thus  be  left  as  an  isolated 


!  rising  fi-om  a  platform  of  older  non-volcanic  rocks,  and  the  distance 
between  it  and  the  dwindling  sheets  of  lava  and  tuff  which  came  out  of  it 
would  then  be  continually  increased  as  their  outcrop  receded  under  constant 
degradation. 

This  piece  of  volcanic  history  is  diagrammatically  illustrated  in  Fig.  16. 
The  original  forms  of  the  central  volcano  and  of  its  parasitic  cones  are 
suggested  by  the  dotted  lines  in  the  upper  half  of  the  Figure.  All  this 
upper  portion  has  been  removed  by  denudation,  and  the  present  surface  of 
the  ground  is  shown  by  the  upi)ermost  continuous  line.  The  general  stnicture 
of  the  volcanic  pile  is  indicated  undenieath  that  line — the  lenticular  sheets 
of  lava  and  tuff  (/,  /),  the  dykes  (d,  d),  and  the  lavas  (j},p)  and  agglomer- 
ates (tf,  a)  of  the  central  vent  and  of  the  subordinate  cones. 

The  waste,  though  greatest  on  the  higher  ground  of  the  great  cone, 
would  not  stop  thei'e.  It  would  extend  over  the  flatter  area  around  the 
volcano.  Htreanis  Howing  over  the  plain  would  cut  their  way  down  through 
the  lavas  and  tuff's,  eroding  ravines  in  them,  and  leaving  them  in  detached 
and  ever  diminishing  outliers  on  the  crests  of  tlie  intervening  ridges.  We 
can  easily  picture  a  time  when  the  last  of  these  relics  would  have  been  worn 
away,  and  when  every  vestige  of  the  volcanic  ejections  would  have  been 
removed,  save  the  lava-column  marking  the  site  of  the  former  vent. 
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Every  stage  in  this  process  of  eflkeement  may  be  recognized  in  actual 
process  among  the  extinct  volcanoes  of  the  earth's  surface.  Probably 
nowhere  may  the  phenomena  be  more  conveniently  and  impressively  studied 
than  among  the  volcanic  districts  of  Central  France.  On  the  one  hand,  we 
meet  there  with  cinder-cones  so  perfect  that  it  is  hard  to  believe  them  to 
have  been  silent  ever  since  the  beginnings  of  history.  On  the  other  hand, 
we  see  solitarj'  cones  of  agglomerate  or  of  lava,  which  have  been  left 
isolated,  while  their  once  overlying  and  encircling  sheets  of  ejected  material 
have  been  so  extensively  worn  away  as  to  remain  merely  in  scattered  patches 
capping  the  neighbouring  hills,  ^''alleys  many  hundreds  of  feet  in  depth 
have  been  cut  by  the  rivers  through  the  volcanic  sheets  and  the  underlying 
Tertiary  strata  and  granite  since  the  older  eruptions  ceased.  And  yet  these 
eruptions  belong  to  a  period  which,  in  a  geological  sense,  is  quite  recent. 
It  is  not  difficult  to  contemplate  a  future  time,  geologically  not  very  remote, 
when  in  the  valley  of  the  Loire  not  a  trace  will  remain  of  the  wonderfully 
varied  and  interesting  volcanic  chronicle  of  that  district,  save  the  plugs  that 
will  mark  the  positions  of  the  former  active  vents. 

In  the  British  Islands,  ancient  volcanoes  of  the  Vesuvian  type  are  well 
represented  among  the  Palieozoic  systems  of  strata.  Their  preservation  has 
been  largely  due  to  the  fact  that  they  made  their  appearance  in  areas  that 
were  undergoing  slow  subsidence.  Their  piles  of  erupted  lava  and  ashes 
were  chiefly  heaped  up  over  the  sea-floor,  and  were  buried  under  the  sand, 
silt  and  ooze  that  gathered  there.  Thus  covered  up,  they  were  protected 
from  denudation.  It  is  only  in  nmch  later  geological  ages  that,  owing  to 
upheiival,  gradual  degradation  of  the  surface,  and  removal  of  their  overlying 
cover  of  stratified  formations,  they  have  at  last  been  exposed  to  waste.  The 
process  of  disinterment  may  be  observed  in  many  different  stages  of  progress. 
In  some  localities,  only  the  tops  of  the  sheets  of  lava  and  tuff*  have  begun 
to  show  themselves ;  in  others,  everything  is  gone  except  the  indestructible 
lava-plug. 

These  inequalities  of  denudation  arise  not  only  from  variations  in  the 
durability  of  volcanic  rocks,  but  still  more  from  the  relative  position  of 
these  rocks  in  the  terrestrial  crust,  and  the  geological  period  at  which,  in 
the  course  of  the  general  lowering  of  the  surface,  they  have  been  laid  bare. 
Not  only  are  volcanic  rocks  of  many  different  ages,  and  lie,  therefore,  on 
many  successive  platforms  within  the  crust  of  the  earth :  their  places  have 
been  still  further  dependent  upon  changes  in  the  arrangement  of  that  crust. 
Fracture,  upheaval,  depression,  curvature,  unconformable  deposition  of  strata, 
have  contributed  to  protect  some  portions,  while  leaving  others  exposed  to 
attack.  Hence  it  happens  that  the  volcanic  record  varies  greatly  in  its 
fulness  of  detail  from  one  geological  system  or  one  district  to  another. 
Some  chapters  have  been  recorded  with  the  most  surprising  minuteness,  so 
that  the  events  which  they  reveal  can  be  realized  as  vividly  as  those  of  a 
modern  volcano.  Others,  again,  are  meagre  and  fragmentary,  l)ecause  the 
chronicle  is  still  for  the  most  part  buried  underground,  or  because  it  has  been 
80  long  exposed  at  the  surface  that  only  fragments  of  it  now  remain  there. 
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In  the  descriptions  which  will  subsequently  be  given  of  ancient  British 
volcanoes  of  the  Vesuvian  type,  it  will  be  shown  that  at  many  successive 
periods  during  Paheozoic  time,  and  at  many  distinct  centres,  lavas  and  tufts 
have  been  piled  up  to  a  depth  of  frequently  more  than  5000  feet — that  is  to 
say,  higher  than  the  height  of  Vesuvius.  Sometimes  the  vent  from  which 
these  materials  were  ejected  can  be  recognized.  In  other  places,  it  is  still 
buried  under  later  formations,  or  has  been  so  denuded  as  to  be  represented 
now  merely  by  the  column  of  molten  or  fragmental  rock  that  finally 
solidified  in  it.  Examples  will  be  quoted  of  such  ancient  vents,  measuring 
not  less  than  two  miles  in  diameter,  with  subsidiarj'^  "  necks  "  on  their  flanks, 
like  the  parasitic  cones  on  Etna. 

I  shall  show  that  while  the  ejected  volcanic  products  have  accumulated 
in  greatest  depth  close  to  the  vent  that  discharged  them,  they  die  away  as 
they  recede  from  it,  sometimes  so  rapidly  that  a  volcanic  pile  which  is 
7000  feet  thick  around  its  source  may  entirely  thin  out  and  disappear  in  a 
distance  of  not  more  than  ten  or  twelve  miles.  I  shall  point  but  how,  as 
the  lavas  and  tuffs  are  followed  outwards  from  their  centre,  they*  not  only 
get  thinner,  but  are  increasingly  interstratified  among  the  sedimentary 
deposits  with  which  they  were  coeval,  and  that  in  this  way  their  limits, 
their  age,  and  the  geogi'aphical  conditions  under  which  they  were  accumu- 
lated can  be  satisfactorily  fixed. 

As  illustrations  of  the  Vesuvian  type  in  the  volcanic  history  of  Britain, 
I  may  refer  to  the  great  Lower  Silurian  volcanoes  of  Cader  Idris,  Arenig, 
Snowdon  and  the  Lake  District,  and  to  the  Old  Red  Sandstone  volcanoes 
of  Central  Scotland. 

2.  Tlie  Platemi  or  Fissure  type  is,  among  modem  volcanoes,  best 
developed  in  Iceland,  as  will  be  more  fully  detailed  in  Chapter  xl.  In  that 
island,  during  a  volcanic  eruption,  the  ground  is  rent  open  into  long  parallel 
fissures,  only  a  few  feet  or  yards  in  width,  but  traceable  sometimes  for 
many  miles,  and  descending  to  an  unknown  depth  into  the  interior.  From 
these  fissures  lava  issues — in  some  cases  flowing  out  tranquilly  in  broad 
streams  from  either  side,  in  other  cases  issuing  with  the  discharge  of  slags 
and  blocks  of  lava  which  are  piled  up  into  small  cones  set  closely  together 
along  the  line  of  the  rent.  It  was  from  a  fissure  of  this  kind  that  the 
great  eruption  of  1783  took  place — the  most  stupendous  outpouring  of  lava 
within  historic  time. 

By  successive  discharges  of  lava  from  fissures,  or  from  vents  opening  on 
lines  of  fissure,  wide  plains  may  be  covered  with  a  floor  of  rock  hundreds  or 
thousands  of  feet  in  thickness,  made  up  of  horizontal  beds.  The  original 
topography,  which  might  have  been  undulating  and  varied,  is  completely 
buried  under  a  vast  level  lava-desert. 

The  rivers  which  drained  the  country  before  the  beginning  of  the 
volcanic  history  will  have  their  channels  filled  up,  and  will  be  driven  to 
seek  new  courses  across  the  lava-fields.  Again  and  again,  as  fresh 
eruptions  take  place,  these  streams  will  be  compelled  to  shift  their  line  of 
flow,  each  river-bed  being  in  turn  sealed  up  in  lava,  with  all  its  gravels, 


CHAP.   IV 


PLATEAU  OR  FISSURE  TYPE 


43 


silts  and  drift-wood.  But  the  rain  will  continue  to  fall,  and  the  drainage 
to  seek  its  way  seaward.  When  the  last  eruption  ceases,  and  the  rivers  are 
at  length  left  undisturbed  at  their  task  of  erosion,  they  will  carve  that  lava- 
floor  into  deep  gorges  or  open  valleys.  Where  they  flow  between  the 
lavas  and  the  slopes  against  which  these  ended,  they  will  cut  back  the 
volcanic  pile,  until  in  course  of  time  the  lavas  will  present  a  bold  mural 
escarpment  to  the  land  that  once  formed  their  limit.  The  volcanic  plain 
will  become  a  plateau,  ending  off  in  this  vertical  wall  and  deeply  trenched  by 
the  streams  that  wind  across  it.  And  if  the  denudation  is  continued  long 
enough,  the  plateau  will  be  reduced  to  detached  hills,  separated  by  deep  and 
wide  valleys. 

This  geological  history  is  illustrated  by  the  diagram  in  Fig.  17.  The 
stippled  ground  underneath  (.r,  x)  represents  the  original  undulating  surface  of 
the  country  on  which  the  plateau  eruptions  were  poured  out.  The  lavas  of 
these  eruptions  are  shown  by  the  horizontal  lines  to  have  entirely  buried 
the  heights  and  hollows  of  the  old  land,  and  to  have  risen  up  to  the  upper 
dotted  line,  which  may  be  taken  to  mark  the  limit  reached  by  the  ac- 
cumulation of  volcanic  material.      The  dark  lines  (r/,  d)  which   come   up 
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through  the  bedded  lavas  indicate  the  dykes  with  their  connected  vents. 
Denudation  hiis  since  stripped  off  the  upper  part  of  the  volcanic  series 
down  to  the  uppermost  continuous  black  line  which  represents  the  existing 
surface  of  the  ground.  The  level  sheets  of  lava  have  been  deeply  trenched, 
and  in  one  instance  the  valley  has  not  only  been  cut  through  the  volcanic 
pile,  but  has  been  partly  eroded  out  of  tlie  older  rocks  below.  To  the 
right  and  left,  the  lavas  end  off  abruptly  in  great  escarpments. 

The  succession  of  events  here  depicted  has  occurred  more  than  once  in 
Ihitain.  The  Plateau  type  is  chiefly  developed  in  this  country  among  the 
great  Tertiary  basalt  districts  of  Antrim  and  the  Inner  Hebrides,  which 
reappear  in  the  Faroe  Islands,  and  again  still  farther  north  in  Iceland. 
But  it  also  occurs  among  the  volcanic  rocks  of  the  Old  Ked  Sandstone  and 
Carboniferous  periods. 

As  compared  with  the  other  volcanic  types,  that  of  the  Plateaux  is 
distinguished  by  the  wide  extent  of  surface  which  its  rocks  cover,  by  the 
great  preponderance  of  lavas  over  tuffs,  and  by  the  regularity  and  persistence 
of  the  individual  sheets  of  rock.  In  Britain,  the  plateau-lavas  are  even  still 
often  approximately  horizontal,  and  lie  piled  on  each  other  in  tolerably  regular 
beds  to  a  thickness  of  1000,  and  in  one  place  to  more  than  3000   feet. 
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They  form  wide  level  or  gently  undulating  tablelands,  which  rise  in  bold 
escarpments  from  the  surrounding  country  and  have  been  deeply  car\'ed 
into  valleys.  The  sides  of  their  cliffs  and  slopes  are  marked  by  parallel 
lines  of  terrace,  arising  from  the  outcrop  of  successive  sheets  of  lava  (Figs. 
11,  265). 

With  the  Tertiary  basalt-plateaux  are  connected  thousands  of  dykes,  that 
follow  each  other  along  nearly  parallel  lines  in  a  general  north-westerly  direc- 
tion, and  mark  the  position  of  fissures  up  which  the  molten  lava  ascended. 
Occasional  necks  of  agglomerate  or  basalt  indicate  the  sites  of  some  of  the 
eniptive  vents. 

The  Carboniferous  volcanic  plateaux  have  been  more  extensively  denuded 
than  those  of  Tertiary  age,  so  that  a  large  number  of  their  vents  have  been 
laid  bare.  In  general  these  vents  are  of  comparatively  small  size,  though 
larger  than  those  of  tlie  Carboniferous  Puys.  In  some  districts,  abundant 
dykes  traverae  the  rocks  on  which  the  plateaux  rest,  though  the  fissures 
seem  to  have  been  less  numerous  than  in  Tertiary  time. 

3.  The  Ptty  type,  as  before  remarked,  takes  its  name  from  the  well- 
known  puys,  or  volcanic  cones,  of  Central  France.  Volcanoes  of  this  type 
form  conical  hills,  generally  of  small  size,  consisting  usually  of  fragmental 
materials,  sometimes  of  lava.  Where  a  cone  is  partially  effaced  by  a  second, 
and  even  by  a  third,  successive  slight  shiftings  of  the  vent  are  to  be  inferred 
(see  Figs.  29  and  214).  In  many  cases,  no  lava  has  issued  from  such  cones, 
nor  were  the  ashes  and  cinders  dispersed  far  from  the  vent.  Hence,  in  the 
progress  of  denudation,  cones  of  this  kind  are  easily  effaced. 

From  the  uniformity  of  composition  of  their  materials,  the  simplicity  and 
regularity  of  their  forms,  and  their  small  size,  it  may  be  inferred  that  many 
of  these  cones  were  the  products  of  single  eruptions.  They  may  conceivably 
have  been  thrown  up  in  a  few  days,  or  even  in  a  single  day.  The  history  of 
Monte  Xuovo,  in  the  Bay  of  Naples,  which  was  formed  within  twenty-four 
hours  in  the  year  1538,  is  a  memorable  example  of  the  ifapidity  with  which 
a  cone  more  than  400  feet  high  may  be  thrown  up  at  some  distance  from  a 
central  vent. 

The  smallest  independent  volcanoes  are  included  in  the  Puy  type.  In 
many  instances  the  diameter  of  the  funnel  has  not  exceeded  a  few  yards ; 
the  largest  examples  of  the  type  seldom  exceed  1000  feet  in  width. 

Where  lavas  have  been  discharged,  as  well  as  ashes  and  stones,  a  more 
vigorous  activity  is  indicated  than  where  merely  cones  of  tuff  were  formed. 
The  lavas  may  come  from  more  than  one  side  of  a  cone,  and  may  flow  in 
opposite  directions  for  a  distance  of  several  miles.  It  is  observable  that 
considerable  streams  of  lava  have  issued  from  the  base  of  a  cinder -cone 
without  disturbing  it.  The  molten  rock  has  found  a  passage  between  the 
loose  materials  and  the  surface  on  which  they  rest,^  though,  in  some  cases, 
the  cone  may  have  been  thrown  up  after  the  emission  of  the  lava. 

In  the  history  of  a  puy  there  is  commonly  a  first  discharge  of  fragmentiiry 
material ;  then  lava  may  How  out,  followed  by  a  final  discharge  of  loose  stones 

*  M.  Boule,  Bull.  Carte  iJiol.  France,  No.  28,  tome  iv.  p.  232. 
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and  ashes.  Hence  the  products  of  such  a  vent  group  tliemselves  into  three 
layers— two  of  breccia  separated  by  an  inter\ening  slieet  of  lava.' 

Great  changes  are  wrought  on  puys  and  their  connected  lavas  and  tuft's 
during  the  progress  of  denudation.  The  cones  are  eventually  destroyed,  and 
only  a  stump  of  a^lomerate  or  lava  is  left  to  mark  its  place.  The  connection 
of  a  lava-stream  with  its  parent  vent  may  likewise  be  eflaced,  and  the  lava 
itself  may  be  reduced  to  merely  a  few  separate  patches,  perhaps  capping  a 
ridge,  while  the  surrounding  ground  has  been  hollowed  into  valleys.  If  the 
waste  continues  long  enough,  even  these  outliers  will  disappear,  and  nothing 
but  the  neck  or  stump  of  the  little  volcano  will  remain. 

The  accompanying  diagram  (Fig.  18)  may  help  to  make  these  changes 
more  intelligible.  The  upper  dotted  lines  show  the  original  forms  of  three 
puys  with  the  covering  of  loose  materials  discharged  by  them  over  the  sur- 
rounding ground.  The  lower  shaded  portion  represents  the  surface  as  left  by 
denudation,  and  a  section  of  the  three  vents  beneath  that  surface  The  whole 
of  the  cones  and  craters  has  here  been  s^vept  awav  and  onlj  the  volcanic 
'■  neck "  is  in  each  case  left.      In   the   vent  to  the  ri^ht  the  matenal   that 


Fia.  18.— Dia^aiu  illiixtrHting  tliu  striiuliiri!  and  deiiiirlntioii  of  l'u]'>^ 


fills  it  Up  is  a  coarse  a^lomerate,  which  projects  iis  a  roimded  dome  above 
the  surrounding  country.  The  centjal  pijMi  is  filled  with  fragmentary 
itiaterials,  through  which  molten  rock  has  risen,  giving  off  dykes  and 
veina  In  the  vent  to  the  left  liand,  only  lava  is  seen  to  occupy  the  orifice, 
representing  the  column  of  molten  rock  which  solidified  there  and  bi-ought 
the  activity  of  this  little  volcano  to  an  end.  It  will  be  observed  that  in 
each  of  these  volcanic  bills  the  present  outlines  are  very  far  from  being  those 
of  the  original  \'oIcano,  and  that  the  enunenc«  projects  because  of  its  gi-eater 
resistance  to  the  forces  of  denudation  that  have  not  only  removed  the  super- 
ficial volcanic  material,  but  have  made  some  pn)gress  in  lowering  tho  level  of 
the  ground  on  which  that  material  was  accunuilated. 

The  typical  area  for  the  study  of  I'uys  is  the  extraordinarily  interesting 
volcanic  region  of  Central  France.  There  the  volcanic  cones  are  clustered 
in  irregular  groups,  sometimes  so  close  as  to  be  touching  each  other ;  else- 
where separated  by  intervals  of  several  miles.  They  may  be  traced  in  all 
stages  of  decay,  from  the  most  perfect  cones  and  craters  to  the  isolated 
eminence  that  marks  the  site  of  a  once  active  chimney.  Their  lavas,  too, 
may  be  seen  as  detached  fragments  of  plateaux,  many  hundred  feet  above  tiie 
valleys  that  have  been  excavated  since  they  llowed.- 

'  M.  Boulc,  Bnll.  Carte  GUd.  Fraucc,  No.  28,  toini!  iv. 

'  Sec  Desmsreat'g  rlsasic  mitp  und  hix  (lapers  in  Mem.  Aead.  Jio/i.  &-ii:iifea,  I'ariik  177-1.  1779  ; 
Journ.   tit  Phyiique,  1779:   Soropc'g  Geology  of  Central  Frante,  1837,  and  Hrtinct   Fo/tanvci  ef 
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Another  well-known  region  of  modern  Puys  is  that  of  the  Eifel,  where 
the  cones  and  craters  are  often  so  fresh  that  it  is  difficult  to  believe  them 
to  be  prehistoric.^  One  of  the  most  remarkable  denuded  puy- regions  in 
Europe  covers  a  wide  territory  in  the  Swabian  Alps  of  Wurtemberg.  No 
fewer  than  125  denuded  necks  filled  with  tuff,  agglomerate  and  basalt  have 
there  been  mapped  and  described.  They  are  of  higher  antiquity  than  the 
Upper  Miocene  strata,  and  have  thus  probably  been  exposed  to  prolonged 
denudation.  In  external  aspect  and  internal  structure  they  present  the 
closest  parallel  to  the  Carboniferous  and  Permian  "necks  "  of  Britain  described 
in  Books  VI.  and  VII.  of  the  present  work." 

Among  the  Palaeozoic  volcanoes  of  Britain  many  admirable  illustrations 
of  the  Puy  type  are  to  be  found.  Their  cones  are  almost  always  entirely 
gone,  though  traces  of  them  occasionally  appear.  The  "  necks  "  that  show  the 
position  of  the  vents  are  in  some  districts  crowded  together  as  thickly  as 
those  of  Auvergne.  During  the  Carboniferous  and  Permian  periods  in 
Central  Scotland,  clusters  of  such  little  volcanoes  must  have  risen  among 
shallow  lagoons  and  inland  sheets  of  water,  casting  out  their  ashes  and 
pouring  forth  their  little  streams  of  lava  over  the  water-bottom  around  them 
and  then  dying  out.  As  these  eruptions  took  place  in  a  region  that 
was  gradually  subsiding,  the  cones  and  their  ejected  ashes  and  lavas 
were  one  by  one  submerged,  the  looser  materials  being  washed  down  and 
spread  out  among  the  silt,  sand  or  mud,  and  enveloping  the  remains  of  any 
plants  or  animals  that  might  be  strewn  over  the  floor  of  the  lake  or  sea. 
Hence  the  Puys  of  I*al?eozoic  time  in  Britain  have  been  preserved  with 
extraordinary  fulness  of  detail.  They  have  been  dissected  by  denudation, 
both  among  the  hills  of  the  interior  and  along  the  margin  of  the  sea.  Their 
structure  can  thus  be  in  some  respects  made  out  even  more  satisfactorily 
than  that  of  the  much  younger  and  more  perfect  cones  of  Central  France. 

iv.    DETERMINATION    OF    THE    RELATIVE    GEOLOGICAL    DATES    OF   ANCIENT 

VOLCANOES 

In  themselves,  accumulations  of  volcanic  materials  do  not  furnish  any 
exact  or  reliable  evidence  of  the  geological  period  in  which  they  were 
erupted.  The  lavas  of  the  early  Paheozoic  ages  may,  indeed,  on  careful 
examination,  be  distinguished  from  those  of  Tertiary  date,  but,  as  we  have 
seen,  the  difference  is  rather  due  to  the  effects  of  age  and  gradual  alteration 
than  to  any  inherent  fundamental  distinction  between  them.  In  all  essential 
particulars  of  composition  and  internal  structure,  the  lavas  of  the  Cambrian 
or  Silurian  period  resemble  those  of  Tertiary  and  modern  volcanoes.     The 

VentraJ  France^  1858  ;  Lecoq's  £poqucs  OMogiqucs  dc  VAuvcrgiiey  1867  ;  M.  Michel  Levy,  BhU- 
Soc.  G^oL  France,  1890,  p.  688  ;  M.  Boule,  Bit  I/.  Carte  G4ol.  France,  No.  28,  tome  iv.  1892. 

*  The  Eifel  district  has  been  fully  described  by  Hibbert,  Von  Dechen,  and  other  writers.     Vo»"* 
Dechen's  little  handbooks  to  the  Eifel  and  Siel>engebirge  are  useful  guides. 

'-^  These  W^iirtemberg  vents  have  been  elaborately  described  and  discussed  by  Professor  W"^  - 
Branco  of  Tiibingen  in  his  Schwahais  125  Vulkan-Embryonen  und  dercn  tufferfiiUe  AvshrucJt'S:^ 
rohren,  das  grosste  Oebiet  ehemaliger  Maare  avf  der  Erde,  Stuttgart,  1894. 
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igneous  magmas  which  supply  volcanic  vents  thus  appear  to  have  been  very 
much  what  they  are  now  from  early  geological  epochs.  At  least  no  im- 
portant difference,  according  to  relative  age,  has  yet  been  satisfactorily 
established  among  them. 

But  although  the  rocks  themselves  afford  no  precise  or  trustworthy  clue 
to  their  date,  yet  where  they  have  been  intercalated  contemporaneously 
among  fossiliferous  stratified  formations,  of  which  the  geological  horizon  can 
be  determined  from  included  organic  remains,  it  is  easy  to  assign  them 
to  their  exact  place  in  geological  chronology.  A  determination  of  this  kind 
is  only  an  application  of  the  general  principle  on  which  the  sequence  of  the 
geological  record  is  defined.  A  few  illustrations  will  suffice  to  make  this 
point  quite  obvious. 

Among  the  volcanic  tuffs  in  the  upper  part  of  Snowdon  various  fossils 
occur,  which  are  identical  with  those  found  in  the  well-known  Bala  Lime- 
stone. As  the  accepted  reading  of  such  evidence,  we  conclude  that  these 
tuffs  must  therefore  be  of  the  same  geological  age  as  that  limestone.  Now 
the  position  of  this  seam  of  rock  has  been  well  established  as  a  definite 
horizon  in  the  series  of  Lower  Silurian  formations.  And  we  consequently 
without  hesitation  place  the  eruptions  of  tlie  Snowdon  volcano  on  that  same 
platform,  and  speak  of  them  as  belonging  to  the  Bala  division  of  the  Lower 
Silurian  period. 

Again,  in  West  Lothian  the  tuffs  and  lavas  ejected  from  many  scattered 
puys  were  interstratified  among  shales  and  limestones  in  which  the  charac- 
teristic fossils  of  the  Carboniferous  Limestone  are  abundant.  There  cannot,, 
therefore,  be  any  doubt  that  these  eruptions  were  niucli  younger  than  those 
of  Snowdon,  and  that  they  took  place  at  the  time  when  the  Carboniferous 
Limestone  was  being  deposited.  We  thus  speak  of  them  as  belonging  to 
volcanoes  which  were  active  in  that  early  part  of  the  Carboniferous  period 
to  which  the  thick  Mountain  Limestone  of  Ireland  and  Derbyshire  belongs. 

As  yet  another  illustration  of  the  determination  of  geological  age,  an 
example  from  the  plateau-type  of  eruption  may  be  given.  The  great  basalt- 
plateaux  of  Antrim  and  the  Inner  Hebrides  are  built  up  of  lavas  that  lie 
unconformably  on  the  Chalk.  Tliey  are  thus  proved  to  be  later  than  the 
Cretaceous  system,  and  this  deduction  would  hold  true  even  if  no  organic 
remains  were  found  associated  with  the  volcanic  rocks.  But  here  and  there, 
intercalated  between  the  basalts,  lie  layers  of  shale,  limestone  and  tuff*  con- 
taining well-preserved  remains  of  plants  which  are  recognizable  as  older 
Tertiary  forms  of  vegetation.  This  fossil  evidence  definitely  places  the  date 
of  the  eruptions  in  older  Tertiary  time. 

It  is  clear  that,  proceeding  on  this  basis  of  reasoning,  we  may  arrange 
the  successive  volcanic  eruptions  of  any  given  district,  make  out  their  order 
of  sequence  in  time,  and  thus  obtain  materials  for  a  consecutive  history  01 
them.  Or,  proceeding  from  that  district  into  other  regions,  we  may  compare 
its  volcanic  phenomena  with  theirs,  detennine  the  relative  dates  of  their 
respective  eruptions,  and  in  this  way  compile  a  wider  history  of  volcanic 
action  in  past  time.      It  is  on  these  principles  that  the  general  and  detailed 
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chronology  of  the  volcanic  rocks  of  the  British  Isles  has  been  worked  out, 
and  that  the  following  chapters  have  been  arranged. 


V.    HOW    THE    PHYSICAL    GEOGRAPHY  ASSOCIATED    WITH    ANCIENT 
VOLCANOES   IS   ASCERTAINKD 

While  the  materials  erupted  from  old  volcanic  vents  tell  plainly  enough 
their  subterranean  origin,  they  may  leave  ue  quite  in  the  dark  as  to  the 
conditions  under  which  tliey  were  thrown  out  at  the  surface.  Yet  a  careful 
examination  of  the  strata  a.^soci&ted  with  them  may  throw  much  light 
on  tlie  circumstances  in  which  the  eruptions  took  place.  Many  of  the 
results  of  such  examination  will  be  given  in  subsequent  chapters.  I  will 
here  submit  illustrations  of  how  foui'  diHerent  phases  of  pliysical  geography 
during  former  volcanic  eruptions  may  be  satisfactorily  determined. 

1.  Submnrine  Erupfioiui. — As  by  far  the  largest  accessible  part  of  the 

crust  of  the  earth  consists  of  old  marine  sedimenta,  it  is  natural  that  the 

volcanic  records  preserved  in   tliat  crust  should 

be  mainly  those  of  submarine  eniptions.     That 

1^'    many  lavas  during  the  geological  past  were  poured 

out  upon  the  sea-bottom  is  plainly  shown  by  tlie 

thick  beds  of  marine  organisms  which   they  have 

overapi-ead  and  which  Ue  above  them  (Kig,  19). 

In  Central  Scotland,  for  example,  sheets  of  basalt 

have  flowed  over  a  sea-bottom  on   wliich   thick 

groves  of  crinoids,  bunches  of  coral  and  crowds 

B    of  sea-shells  were  living.     Not  less  striking  is 

the  evidence  supplied  by  bands  of  tuff.     Around 

Limerick,   for   instance,  the  thick  Carboniferous 

I.imestone   is   interrupted  by   many   thin  layers 

of  tuff  marking  intervals  when  showers  of  volcanic 

dust   fell   over   the   sea-bottom,   killing   off   the 

organisms  that  lived  tliere.      But  the  limestone 

that  overlies  these  volcanic  intercalations  is  again 

crowded  with   fossils,  proving  that  the  crinoids, 

Fio.  19.— Seciion  iiiiwtrntiiiK  sub-  coi^ls  and  shclls  ouce  more  spread  over  the  place 

mariiiBeniptioiw;  Rltenialioiw         ,     .        -  ,      .  ,11  ■ 

nf  Uvis  Biiii  tuffs  with  lime-  and  flourislicrl  as  abundantly  as  ever  above  the 

KtODes  ttod  shales  full  of  marine   (^iff 

orgnuisniM. 

The  accompanynig  diagram  (Fig.  19)  illustrates 
tliese  statements.  At  the  bottom  a  thick  mass  of  limestone  (I)  full  of  crinoids, 
corals,  bracliiopods  and  other  marine  oi^nisms  bears  witness  to  a  long  time 
of  repose,  when  the  clear  sea  -water  teemed  with  life.  At  last  a  volcanic 
explosion  took  place,  which  threw  out  the  first  seam  of  tnff  {t).  But  this 
was  only  a  transient  interruption,  tor  the  accumulation  of  calcareous  sediment 
was  immediately  resumed,  and  the  next  band  of  limestone  was  laid  down. 
Thereaftel"  a  more  prolonged  or  vigorous  eruption  ejected  a  larger  mass  of 
dust  and  stones,  which  fell  over  the  bottom  and  prevented  the  continuation 
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of  the  limestone.  But  that  tlie  sea  still  abounded  in  life  ia  shown  hy  the 
numerous  ot^nisma  imbedded  in  the  second  stratified  band  of  tuff.  At 
last  an  access  of  volcanic  vigour  gave  vent  to  a  stream  of  slaggy  lava,  which 
rolled  over  the  aea-tiottoni  and  solidified  in  the  thick  sheet  of  ainydaloidal 
basalt  marked  B.  This  outtlow  was  followed  by  a  further  discharge  of 
asbea  and  stones,  which,  from  their  absence  of  strati ti cation,  may  be  supposed 
to  have  been  the  result  of  a  single  explosion,  or  at  least  to  have  fallen  too 
rapidly  for  the  marine  currents  to  rearmuge  them  in  layers.  When  the 
water  cleared,  the  abundaut  sea-creatures  returned,  and  from  tlieir  crowded 
remiiiiis  limestone  once  more  gathered  over  the  bottom.  Yet  the  volcanic 
history  had  not  then  reached  its  close,  for  again  there  came  a  discharge  of 
ashes,  followed  by  the  outpouring  of  a  second  lava,  which  cousolidated  as  a 
sheet  of  columnar  basalt  (B'), 

It  is  not  necessary,  in  order  to  prove  the  eruptions  to  have  been  sub- 
marine, that  Clonic  remains  should  be  found  in  the  tuffs  or  between  them. 
If  the  volcanic  ejections  are  intercalated  among  strata  which  elsewhere  can 
be  proved  to  be  marine,  their  diachurge  must  obviously  have  taken  place 
under  the  sea.  The  vent  that  dischui^d  them  may  have  raised  its  head 
above  the  seu-level,  but  its  lavas  and  tutts  were  spread  out  over  the  adjoin- 
ing aea-floor. 

'1.  Lacustrint:  Ei-uptioiis. — The  same  line  of  evidence  furnishes  proof 
that  some  volcanoes  arose  in  inland  sheets  of  water.  If  their  products  are 
interatratified  among  sandstones,  gravels  and  shelt-nmrls,  wherein  the  remains 
of  land-plants,  insects  and  lacustrine  shells,  ai-e  preserved,  we  may  be  con- 
fident that  the  eruptions  took  phice  in  or  near  to  some  lake-basin.  The 
older  lavas  and  tufia  of  Central  Fmnce  sui)ply  an  instructive  example  of  such 
an  association.  In  Britain,  the  abundant  and  extensive  outpouring  of  lavas 
and  tuffs  during  the  time  of  the  Lower  Old  Bed  Sandstone  probably  occurred 
in  large  lakes.  Among  the  sediments  of  tliese  bodies  of  water,  interstratified 
between  the  volcanic  sheets,  remains  of  land-plants  are  abundant,  together 
with,  liere  and  there,  those  of  myria[)ods  washed  down  from  the  woodlands, 
and  of  many  forms  of  ganoid  fislies. 

3.  UtivialiJe  Erujyiiims. — Volcanoea  have  aonietimes  arisen  on  rivei- 
plains  or  on  the  edges  of  valleys 
and  gorges,  and  have  poured 
out  their  lavas  and  discharged 
their  ashes  over  the  channels 
or  alluvial  lands  of  the  streams. 
Volcanic  materials,  usurping  the 
water -channels,  bury  or  are 
interstratified  with  fluviatile 
aaud  or  shingle,  containing  per- 
haps remains  of  tlie  vegetation 
or  animal  life  of  the  suiTOunding  land.  There  may  thus  be  a  constant 
shifting  of  the  river-courses,  and  a  consequent  deposit  of  tiuviatile  sediment 
at   many  succeaaive  levels  among  the   lavas  and  tuffs.      In   Fig.  20  some 
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of  these  chauges  are  indicated  in  a  series  of  bedded  lavas  (/).  The  lower 
part  of  the  diagram  shows  the  dying  out  of  a  bed  of  river  gravel  {3) 
against  the  sloping  end  of  a  lava-stream,  and  the  sealing  up  of  this  inter- 
calation by  a  fresh  outpouring  of  lava.  Higher  up  in  the  digram  a  section 
is  shown  of  a  gully  or  ravine  which  has  been  cut  out  of  the  lavas  by  a 
stream,  and  has  become  choked  up  with  water-worn  detritus.  Subsequent 
outflows  of  lava  have  rolled  over  this  channel  and  sealed  it  up.  Examples 
of  such  intercaUtions  of  lava  with  old  river  deposits,  and  of  the  burying 
of  water-courses,  will  be  cited  in  the  account  of  the  Tertiary  volcanic  plateaux 
of  Britain  in  Chapter  xxxviii. 

4.  Terrestrial  Eruptions. — That  volcanoes  in  former  times  broke  out  on 
land  as  well  as  in  water  may  readily  be  expected.  But  it  is  obvious  that 
the  proofs  of  a  terrestrial  origin  may  not  be  always  easy  to  obtain,  for  every 
land-surface  is  exposed  to  denudation ;  and  thus  the  relics  of  the  eruptions 
of  one  age  may  be  effaced  by  the  winds,  rains,  frosts  and  rivers  of  the  next. 
In  assigning  any  volcanic  group  to  a  tenestrial  origin,  we  may  be  guided 
partly  by  n^ative  evidence,  such  as  the  absence  of  all  trace  of  marine 
organisms  in  any  of  the  sedimentary  layers  associated  with  the  group.  But 
such  evidence  standing  by  itself  would  not  be  satisfactory  or  sufficient.  If, 
however,  between  the  sheets  of  lava  thei-e  occur  occasional  depressions, 
filled  with  hardened  sediment  full  of  land-plants,  with  possibly  traces 
of  insects  and  other  terrestrial  organisms,  we  may  with  some  confidence 
infer  that  these  silted-up  hollows  represent  pools  or  lakes  that  gathered 
on  the  surface  of  tlie  lava-sheets,  and  into  which  the  vegetation  of  the 
surrounding  ground  was  blown  or  washed.  Rain  falling  on  the  rugged 
surface  of  a  lava-field  would  naturally  gather  into  pools  and  lakes,  as  the 
bottoms  of  the  hollows  became  "  puddled  "  by  the  gradual  decay  of  the  rock 
and  the  washing  of  fine  silt  into  the  crevicw  of  the  lava. 

Again,  it  may  be  expected  that  prolonged  exposure  to  the  air  would  give 

rise  to  disintegration  of  the  lava 
T]  iri7TT~jTTT      "^'"^  ^   ***^  consequent   forma- 
,  ,  1',..  JT  1 1  ji  if'A      tion  of  soil.     Terrestrial  v^eta- 
^^y-^^     tion  would  naturally  spring  up 

on  such  soil ;  trees  might  take 
';  ||T''*^  ^'^^  "POi  it-  Hence,  if  another 
iVfy^fl/"     lava-fiood  deluged   the  surface, 

the  soil  and  its  vegetable  mantle 

would  be  entombed  under  the 

molten  rock. 
These  geological  changes  are  represented  diagrammatically  in  Fig.  21. 
Two  hollows  among  the  lavas  are  there  shown  to  have  been  filled  with  silt, 
including  successive  layers  of  vegetation  now  converted  into  coal.  One  of 
the  soils  (s)  is  marked  between  the  lavas,  and  the  charred  stimip  of  a  tree 
with  its  roots  still  in  another  layer  of  soil  higher  up  is  seen  to  have  been 
engulphed  in  the  overlying  sheet  of  melted  rock. 

Admirable  illustrations  of  this  succession  of  events  are  to  be  encountered 
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among  the  great  Tertiary  basaltic  plateaux  which  cover  so  large  an  area  in 
the  north-west  of  Europe.  Not  only  has  no  trace  of  any  marine  organism 
been  found  among  their  interstratified  sedimentary  layers,  but  they  have 
yielded  a  terrestrial  flora  which  is  preserved  in  hollows  between  the 
successive  sheets  of  basalt.  A  full  account  of  these  rocks  will  be  given  in 
Book  VIII. 


CHAPTER  V 

Underground  Phases  of  Volcanic  Action.  B.  Materials  injected  or  consolidated  beneath  the 
Surface — Intrusive  Series :  I.  Vents  of  Eruption — i.  Necks  of  Fragmentary  Materials  ; 
ii.  Necks  of  Lava-form  Materials  ;  iii.  Distribution  of  Vents  in  relation  to  (xeological 
Structure-Lines  :  iv.  Metamorphism  in  and  around  Volcanic  Cones,  Solfataric  Action  ; 
V.  Inward  Dip  of  Rocks  towards  Necks  ;  vi.  Influence  of  contemporaneous  Denuda- 
tion upon  Volcanic  Cones  ;  vii.  Stages  in  the  History  of  old  Volcanic  Vents. 

In  our  profound  ignorance  of  the  nature  of  the  earth's  interior,  we  know  as 
yet  nothing  certain  regarding  the  condition  and  distribution  there  of  those 
molten  materials  which  form  the  prime  visible  source  of  volcanic  energ}'. 
By  the  study  of  volcanoes  and  their  products  we  learn  that  the  fused  sub- 
stances are  not  everywhere  precisely  the  same  and  do  not  remain  absolutely 
uniform,  even  in  the  same  volcanic  region.  But  in  w^hat  manner  and  from 
what  causes  these  variations  arise  is  still  unknown.  We  are  further  aware 
that  the  molten  magma,  under  a  centre  of  volcanic  disturbance,  manifests 
from  time  to  time  energetic  movements  which  culminate  in  eruptions  at  the 
surface.  But  what  may  be  the  exciting  cause  of  these  movements,  to  what 
depth  they  descend,  and  over  what  extent  of  superficies  they  spread,  are 
matters  regarding  which  nothing  better  than  conjecture  can  as  yet  be 
offered.  It  is  true  that,  in  some  cjises,  a  magma  of  fairly  uniform  composi- 
tion has  been  erupted  over  a  vast  tract  of  the  earth's  surface,  and  must 
have  had  a  correspondingly  wide"  extent  within  the  terrestrial  crust.  Thus 
in  the  case  of  the  older  Tertiary  volcanic  eruptions  of  North- Western 
Europe,  basalt  of  practically  the  same  composition  was  discharged  from 
thousands  of  fissures  and  vents  distributed  from  the  south  of  Antrim  north- 
ward beyond  the  Inner  Hebrides,  through  the  chain  of  the  Faroe  Islands 
and  over  the  whole  breadth  of  Iceland,  lender  the  British  Isles  alone,  the 
subterranean  reservoirs  of  molten  lavas  must  have  been  at  least  40,000  square 
miles  in  united  area.  If  they  stretched  continuously  northwards  below  the 
Faroe  Islands  and  Iceland,  as  is  highly  probable,  that  is,  for  600  miles 
further,  their  total  extent  may  have  been  comparable  to  such  a  region  as 
Scandinavia. 

Was  this  vast  underground  body  of  lava  part  of  a  universal  liquid  mass 
within  the  globe,  or  was  it  rather  of  the  nature  of  one  or  more  lakes  or  large 
vesicles  within  the  crust  ?  We  can  only  offer  speculation  for  answer.  On 
the  other  hand,  there  seems  to  be  good  proof  that  in  some  districts,  both  now 
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and  in  former  geological  periods,  such  differences  exist  between  the  materials 
ejected  from  vents  not  far  distant  from  each  other  as  to  show  the  existence 
of  more  limited  distinct  reservoirs  of  liquid  rock  underneath. 

Some  of  the  questions  here  asked  will  be  further  dealt  with  in  later 
pages  in  connection  with  such  geological  evidence  as  can  be  produced 
re^rding  them.  But  it  will  be  found  that  at  every  step  in  the  endeavour 
to  ascertain  the  origin  of  volcanic  phenomena  difficulties  present  themselves 
which  are  now  and  may  long  remain  insoluble. 

I.  Vents  of  Eruptjon 

It  is  a  general  belief  that  the  first  stage  in  the  formation  of  a  volcano 
of  the  Yesuvian  type  by  the  efforts  of  subterranean  energy  is  the  rending  of 
the  terrestrial  crust  in  a  line  of  fissure.  Some  of  the  most  remarkable 
groups  of  active  volcanoes  on  the  face  of  the  globe  are  certainly  placed  in 
rows,  as  if  they  had  risen  along  some  such  great  rents.  The  actual  fissure, 
however,  is  not  there  seen,  and  its  existence  is  only  a  matter  of  probable 
inference.  Undoubtedly  the  effect  of  successive  eruptions  must  be  to  con- 
ceal the  fissure,  even  if  it  ever  revealed  itself  at  the  surface. 

WTiat  is  supposed  to  have  marked  the  initial  step  in  the  formation  of  a 
great  volcano  is  occasionally  repeated  in  the  subsequent  history  of  the  moun- 
tain. During  the  convulsive  shocks  that  precede  and  accompany  an  erup- 
tion, the  sides  of  the  cone,  and  even  sometimes  part  of  the  ground  l>eyond, 
are  rent  open,  occasionally  for  a  distance  of  several  miles,  and  on  the  fissures 
thus  formed  minor  volcanoes  are  built  up. 

It  is  in  Iceland,  as  already  stated,  that  the  phenomena  of  fissures  are 
best  displayed.  There  the  great  deserts  of  lava  are  from  time  to  time 
dislocated  by  new  lines  of  rent,  which  ascend  up  to  the  surface  and  stretch 
for  horizontal  distances  of  many  miles.  From  these  long  narrow  chasms 
lava  flows  out  to  either  side ;  while  cones  of  slag  and  scoriae  usually  form 
upon  them.  Tliis  interesting  eruptive  phase  will  be  more  fully  described 
in  the  chapters  dealing  w^ith  the  Tertiary  volcanic  rocks  of  Britain. 

There  can  be  no  doubt,  however,  that  in  a  vast  number  of  volcanic  vents 
of  all  geological  periods  no  trace  can  be  discovered  of  their  connection  with 
any  fissure  in  the  earth^s  crust.  Such  fissures  may  indeed  exist  underneath, 
and  may  have  served  as  passages  for  the  ascent  of  lava  to  within  a  greater 
or  less  distance  from  the  surface.  But  it  is  certain  that  volcanic  energy  has 
the  power  of  blowing  out  an  opening  for  itself  through  the  upper  part  of  the 
crust  without  the  existence  of  any  visible  fissure  there.  What  may  l)e  the 
limits  of  deptli  at  which  this  mode  of  communication  with  the  outer  air  is 
possible  we  do  not  yet  know.  They  must  obviously  vary  greatly  according 
to  the  structure  of  the  terrestrial  crust  on  the  one  hand,  and  the  amount 
and  persistence  of  volcanic  energy  on  the  other.  We  may  suppose  that 
where  a  fissure  terminates  upwarij  under  a  great  depth  of  overlying  rock, 
the  internal  magma  may  rise  up  to  the  end  of  the  rent,  and  even  be  injected 
laterally  into  the  surrounding  parts  of  the  crust,  but  may  be  unable  to  com- 
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plete  the  formation  of  a  volcano  by  opening  a  passage  to  the  surface.  But 
where  the  thickness  of  rock  above  the  end  of  the  fissure  is  not  too  great, 
the  expansive  energy  of  the  vapours  absorbed  in  the  magma  may  overcome 
the  resistance  of  that  cover,  and  blow  out  an  orifice  by  which  the  volcanic 
materials  can  reach  the  surface.  In  the  formation  of  new  cones  within  the 
historic  period  at  a  distance  from  any  central  volcano,  the  existence  of  an 
open  fissure  at  the  surface  has  not  been  generally  observed.  When,  for 
example,  Monte  Nuovo  was  formed,  it  rose  close  to  the  shore  among  fields 
and  gardens,  but  without  the  appearance  of  any  rent  from  which  its 
materials  were  discharged. 

That  in  innumerable  instances  during  the  geological  past,  similar  vents 
have  been  opened  without  the  aid  of  fissures  that  reached  the  surface,  will  be 
made  clear  from  the  evidence  to  be  drawn  from  the  volcanic  liistory  of  the 
British  Isles.  So  abundant,  indeed,  are  these  instances  that  they  may  be 
taken  as  proving  that,  at  least  in  the  Puy  type  of  volcanoes,  the  actual  vents 
have  generally  been  blown  out  by  explosions  rather  than  by  the  ascent  of 
fissures  to  the  open  air. 

In  cases  where,  as  in  Iceland,  fissures  open  at  the  surface  and  discharge 
lava  there,  the  channel  of  ascent  is  the  open  space  between  the  severed  w^alls 
of  the  rent.  Within  this  space  the  lava  will  eventually  cool  and  solidify  as 
a  dyhc.  It  is  obvious  that  a  comparatively  small  amount  of  denudation 
will  suffice  to  remove  all  trace  of  the  connection  of  such  a  dyke  with  the 
stream  of  lava  that  issued  from  it.  Among  the  thousands  of  dykes  belong- 
ing to  the  Tertiary  period  in  the  British  Islands,  it  is  probable  that  many 
may  have  served  as  lines  of  escape  for  the  basalt  at  the  surface.  But  it  is 
now  apparently  impossible  to  distinguish  between  those  which  had  such  a 
communication  with  the  outer  air  and  those  that  ended  upward  within  the 
crust  of  the  earth.  The  structure  of  dykes  will  be  subsequently  discussed 
among  the  subten^anean  intrusions  of  volcanic  material. 

In  an  ordinary  volcanic  orifice  the  ground-plan  is  usually  irregularly 
circular  or  elliptical.  If  that  portion  of  the  crust  of  the  earth  through 
which  the  vent  is  drilled  should  be  of  uniform  structure,  and  would  thus 
yield  equally  to  the  effects  of  the  volcanic  energy,  we  might  anticipate  that 
the  ascent  and  explosion  of  successive  globular  masses  of  highly  heated 
vapours  would  give  rise  to  a  cylindrical  pipe.  But  in  truth  the  rocks  of 
the  terrestrial  crust  vary  greatly  in  structure ;  while  the  direction  and  force 
of  volcanic  explosions  are  liable  to  change.  Hence  considerable  irregularities 
of  ground-plan  are  to  be  looked  for  among  vents. 

Some  of  these  irregularities  are  depicted  in  Fig.  22,  which  represents 
the  ground  plan  of  some  vents  from  the  Carboniferous  volcanic  districts  of 
Scotland.  They  are  all  drawn  on  the  same  scale.  Other  examples  will  be 
cited  in  later  chapters  from  the  same  and  other  parts  of  the  British  Isles. 

Some  of  the  most  marked  departures  from  the  normal  and  simple  type 
of  vent  occur  where  two  orifices  have  been  opened  close  to  each  other,  or 
where  the  same  vent  has  shifted  its  position  (Figs.  29,  125,  205,  and  214). 
Curiously  irregular  or  elongated   forms  may  thus  arise  in   the   resultant 
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"necks"  now  visible  at  the  surface.  Many  striking  examples  of  these 
features  may  be  seen  among  the  Carboniferous  and  Permian  volcanoes  to  be 
afterwards  described.  Occasionally  where  an  open  fissure  has  served  as  a 
vent  it  has  given  rise  to  a  long  dyke-like  mass  (No.  1  in  Fig.  22). 

The  size  of  a  volcanic  vent  may  vary  indefinitely  from  a  diameter  of 
not  more  than  a  yard  or  two  up  to 
one  or  two  or  more  miles.  As  a 
rule,  the  smaller  the  vents  the  more 
numerously  are  they  crowded  to- 
gether. In  the  case  of  large  central 
volcanoes  like  Etna,  where  many 
subsidiary  vents,  some  of  them  form- 
ing not  inconsiderable  hills,  may 
spring  up  along  the  sides  of  the 
parent  cone,  denudation  will  ulti- 
mately remove  all  the  material  that 
was  heaped  up  on  the  surface,  and 
leave  the  stumps  or  necks  of  the 
pai*asitic  vents  in  groups  around  the 
central  funnel. 

Each  volcanic  chimney,  by  which 
vapours,  ashes  or  lava  are  discharged 
at  the  surface,  may  be  conceived  to 
descend  in  a  more  or  less  nearly 
vertical  direction  until  it  readies  the 
surface  of  the  lava  whence  the  erup- 
tions proceed.  After  the  cessation 
of  volcanic  activity,  this  pipe  will  be 
left  filled  up  with  the  last  material 
discharged,  which  will  usually  take 
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Ffo.  22. — (irouml-plaiis  of  some  volcanic  vents  from 
the  Carbouiferous  districts  of  Scotland. 


1. 


Linhop«  Burn,  near  Mosspaiil,  RoxburghHhire ;  the 
shaded  parts  are  intrusionH  of  trachytic  luaterial.  2. 
Hazelside  Hill,  two  iuilr»8  W.  from  Newcastleton, 
Roxburghshire.  3.  St.  Magdalen's,  Linlithgow.  4. 
South-west  side  of  Cooin's  Fell  (see  Fig.  174),  5.  Neck 
on  Oreatnioor,  Roxburghshire,  fi.  Pester  Hill,  Tarras 
Water.  7.  Head  of  Routing  Burn,  8.E.  side  of  Hart^- 
garth  Fell,  Liddesdale.  S.  Hartsgarth  Flow,  Liddes- 
dale. 


the  form  of  a  rudely  cylindrical  column  reaching  from  the  lx)ttom  of  the  crater 
down  to  the  lava-reservoir.  It  will  be  obvious  that  no  matter  how  great  may 
be  the  denudation  of  the  volcano,  or  how  extensive  may  be  the  removal  of 
the  various  materials  discharged  over  the  surrounding  ground,  the  pipe  or 
funnel  with  its  column  of  solid  rock  must  still  remain.  No  amount  of 
waste  of  the  surface  of  the  land  can  eff«w?e  that  column.  Successively  lower 
and  yet  lower  levels  may  be  laid  bare  in  it,  but  the  column  itself  goes  still 
further  down.  It  will  continue  to  make  its  appearance  at  the  surface  until 
its  roots  are  laid  bare  in  the  lava  of  the  subterranean  magma.  Hence,  of 
all  the  relics  of  volcanic  action,  the  fiUed-up  chimney  of  the  eniptive  vent 
is  the  most  enduring.  Save  where  it  may  have  been  of  the  less  deep-seated 
nature  of  a  "  hornito  "  upon  a  lava-stream,  we  may  regard  it  as  practically 
permanent.  The  full  meaning  of  these  statements  will  be  best  understood 
from  a  consideration  of  the  numerous  illustrations  to  be  afterwards  given. 

The  stumps  of  volcanic  columns  of  thLs  nature,  after  prolonged  denuda- 
tion, generally  project  above  the  siUTOunding  ground  as  rounded  or  conical 
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emineiiceB  known  as  "  Necks"  (Fig.  23.  See  also  Figs.  52,  82,  102,  109, 
123,  133,  144,  178,  192,  195,  203.  204,  209,  294,  298,  306  and  310). 
Their  outlines,  liowever,  vary  with  the  nature  of  their  compouent  materials. 
The  softer  rocks,  such  as  tutfa  and  agglomerates,  are  apt  to  assume  the  fonn 
of  smooth  domes  or  coues,  while  the  harder  and  especially  the  crystalline 
rocks  rise  into  irregular,  craggy  hills.  Occasionally,  indeed,  it  may  happen 
that  a  neck  makes  no  prominence  on  the  surface  of  the  ground,  and  its 
existence  may  only  be  discoverable  by  a  careful  examination  of  the  geological 
structure  of  the  locality.     Now  and  then  an  old  vent  will  be  found  not  to 


fonn  a  hill,  but  to  sink  into  a  hollow.  Such  variations,  however,  have 
little  or  no  reference  to  original  volcanic  contours  in  the  history  of  the 
localities  which  display  them.  They  arise  mainly  from  the  differing  hard- 
ness and  structure  of  the  materials  that  have  filled  the  vents,  and  the  con- 
sequent diversity  in  the  amount  of  resistance  which  they  have  offered 
to  the  progress  of  denudation. 

The  materials  now  fo\ind  in  volcanic  funnels  are  of  two  kinds: 
1st,  Fragmentary,  derived  from  volcanic  explosions;  and  2nd,  Lava-form, 
arising  from  the  ascent  anil  consolidation  of  molten  rock  within  the  funnel. 

i.  Xa-ki  of  Fragmentary  Materials 

liy  far  the  must  satisfactory  evidence  of  a  former  volcanic  orifice  is 
furnished  by  a  neck  of  fragmentary  materials.  Wliere  "  bosses  "  of  ci'ystalline 
rock  rise  to  the  surface  and  assume  the  outward  form  of  necks,  we  cannot 
always  be  certain  that  they  may  not  have  been  produced  by  subterranean 
intrusions  that  never  effected  any  connection  with  the  surface.  In  other 
words,  such  bosses  may  not  mark  volcanic  orifices  at  all,  though  they  may 
have    been   part   of    the    underground    protrusions    of   volcanoes    in    their 


CHAP.  V  VOLCANIC  NECKS  57 


neighbourhood.  But  where  the  chimney  has  been  filled  with  debris,  there 
can  be  no  doubt  that  it  truly  marks  the  site  of  a  once  active  'volcano.  The 
fragmentary  material  is  an  eloquent  memorial  of  the  volcanic  explosions 
that  drilled  the  vent,  kept  it  open,  and  finally  filled  it  up.  These 
explosions  could  not  have  taken  place  unless  the  elastic  vapours  which 
caused  them  had  found  an  escape  from  the  pressure  under  which  they  lay 
within  the  crust  of  the  earth.  Now  and  then,  indeed,  where  the  outpouring 
of  lava  or  some  other  cause  has  left  cavernous  spaces  within  the  crust,  there 
may  conceivably  be  some  feeble  explosion  there,  and  some  trifling  accumula- 
tion of  fragmentary  materials.  But  we  may  regard  it  as  practically  certain 
that  the  mass  of  tunmltuous  detritus  now  found  in  volcanic  necks  could 
not  have  been  formed  unless  where  a  free  passage  had  been  opened  from 
the  molten  magma  underneath  to  the  outer  surface  of  the  planet. 

Considerable  diversity  may  be  observed  in  the  nature  and  arrangement 
of  the  fragmentary  materials  in  volcanic  necks.  The  chief  varieties  may  be 
arranged  in  four  groups:  (1)  Necks  of  non-volcanic  detritus;  (2)  Necks  of 
volcanic  agglomerate  or  tuff;  (3)  Necks  of  agglomerate  or  tuff  with  a 
central  plug  of  lava ;  and  (4)  Necks  of  agglomerate  or  tuff  with  veins, 
dykes  or  some  lateral  irregular  mass  of  lava. 

(1)  Nccksi  of  non-volcanic  Detritm. — During  the  first  convulsive  efforts  of 
a  volcanic  focus  to  find  a  vent  at  the  surface,  the  explosions  tliat  eventu- 
ally form  the  orifice  do  so  by  blowing  out  in  fragments  the  solid  rocks  of 
the  exterior  of  the  terrestrial  crust.  Of  the  detritus  thus  produced,  shot 
up  the  funnel  and  discharged  into  the  air,  part  may  gather  round  the  mouth 
of  the  opening  and  build  up  there  a  cone  with  an  euclosed  crater,  while  part 
will  fall  back  into  the  chimney,  either  to  accumulate  tliere,  should  the  ex- 
plosions cease,  or  to  be  thrown  out  again,  should  they  continue.  In  the 
feeblest  or  most  transient  kinds  of  volcanic  energj%  the  explosive  vapours 
may  escape  without  any  accompanying  ascent  of  the  molten  magma  to  the 
surface,  and  even  without  any  sensible  discharge  of  volcanic  "  ashes  "  from 
that  magma.  In  such  cases,  as  I  have  already  pointed  out,  the  detritus  of 
the  non-volcanic  rocks,  whatever  they  may  be,  through  which  volcanic  energy 
has  made  an  opening,  accumulate  in  the  pipe  and  eventually  consolidate 
there.  Examples  of  this  nature  will  be  adduced  in  later  chapters  from  the 
volcanic  districts  of  Britain. 

Where  only  non-volcanic  materials  fill  up  a  vent  we  may  reasonably 
infer  that  the  einiptions  were  comparatively  feeble,  never  advancing  beyond 
the  initial  stage  when  elastic  vapours  made  their  escape  with  explosive 
violence,  but  did  not  lead  to  the  outflow  of  lava  or  the  discharge  of  ashes. 
In  the  great  majority  of  necks,  however,  traces  of  tlie  earliest  eruptions  have 
been  destroyed  by  subsequent  explosions,  and  the  uprise  of  thoroughly 
volcanic  fragments.  Yet  even  among  these  fragments,  occasional  blocks 
may  be  detected  which  have  been  detached  from  the  rocks  forming  the  walls 
of  the  funnel. 

The  general  name  of  Agglomerate,  as  already  stated,  is  given  to  all 
accumulations  of  coarse,  usually  unstratified,  detritus  in  volcanic  funnels. 
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irrespective  of  the  lithological  nature  of  tlie  materials.  For  further  and 
more  precise  designation,  wlien  an  agglomerate  is  mainly  made  up  of 
fragments  of  one  particular  rock,  the  name  of  that  rock  may  be  prefixed  as 
sandstone  -  agglomerate,  granite -agglomerate,  basalt -agglomerate,  trachyte- 
agglomerate.  Volcanic  agglomerate  is  a  useful  general  term  that  may 
include  all  the  coarser  detritus  ejected  by  volcanic  action. 

Where  volcanic  explosions  have  been  of  sufficient  violence  or  long 
continuance,  the  upper  part  of  the  funnel  may  be  left  empty,  and  on  the 
cessatioii  of  volcanic  activity,  may  be  filled  with  water  and  become  a  lake. 
The  ejected  detritus  left  round  the  edge  of  the  orifice  sometimes  hardly 
forms  any  wall,  the  crater-bottom  being  but  little  below  the  level  of  the 
surrounding  ground.  Explosion-lakes  are  not  infrequent  in  Central  France 
and  the  Eifel  (Maare).  A  more  gigantic  illustration  is  afforded  by  the 
perfectly  circular  crater  of  Coon  Butte  in  Arizona,  about  4000  feet  in 
diameter  and  KOO  feet  deep.  It  has  been  blown  out  In  limestone,  the 
debris  of  which  forms  a  rampart  200  feet  high  around  it.  Examples  will 
afterwards  be  cited  from  the  Tertiary  volcanic  plateaux  of  North-Western 
Eui-ope.  Vents  may  also  be  formed  by  an  engulphment  or  subsidence  of 
the  material,  like  that  which  has  taken  place  at  the  great  lava  cauldron  of 
Hawaii,  still  an  active  volcano.  Tlie  pictuiesque  Crater  Lake  of  Oregon  is 
an  admirable  instance  of  this  structure. 

(2)  Necks  of  Ag'jlomerate  or  Tvff. — In  the  vast  majority  of  cases,  the  ex- 
plosions that  clear  out  a  funnel  through  the  rocks  of  the  upper  part  of  the 
crust  do  not  end  by  merely  blowing  out  these  rocks  in  fragments.  The 
elastic  vapours  that  escape  from  the  molten  lava  underneath  are  usually 
followed  by  an  uprise  of  the  lava  within  the  pipe.  Believed  from  the 
enormous  pressure  under  which  it  had  before  lain,  the  lava  as  it  ascends  is 
kept  in  ebullition,  or  may  be  torn  into  bombs  which  are  sent  whirling  up 
into  the  air,  or  may  even  be  blown  into  the  finest  dust  by  the  sudden 
expansion  of  the  imprisoned  steam.  If  its  ascent  is  arrested  within  the 
vent,  and  a  crust  is  formed  on  the  upper  surface  of  the  lava-columu, 
this  congealed  cruat  may  be  disrupted  and  thrown  out  in  scattered  pieces 
by  successive  explosions,  but  may  re-form  ^ain  and  again. 

In  many  vents,  both  in  recent  and  in  ancient  times,  volcanic  progress 
has'  never  advanced  beyond  this  early  stage  of  the  ejection  of  stones  and 
dust.  The  colnnm  of  lava,  though  rising  near  enough  to  the  surface  to 
supply  by  its  ebullition  abundant  pyi-oclastic 
detritus,  coarse  and  fine,  has  not  flowed  out 
above  ground,  nor  even  ascended  to  the  top 
of  the  funnel.  It  may  have  formed,  at  the 
surface,  cones  of  stones  and  cinders  with 
enclosed  craters.  But  thereafter  the  ernp- 
'  tions  have  ceased.  The  vents,  filled  up  with 
the  fragmentary  ejected  material,  have  given 
passage  only  to  hot  vapours  and  gases.  As  these  gradually  ceased,  the 
volcanoes  have  become  finally  extinct.      Denudation  has  attacked  their  sidea 
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and  crests.  If  submerged  in  the  sea  or  a  lake,  the  cones  have  been  washed 
down,  and  their  materials  have  been  strewn  over  the  bottom  of  the  water. 
If  standing  on  the  land,  they  have  been  gradually  levelled,  until  perhaps 
only  the  projecting  knob  or  neck  of  solidified  rubbish  in  each  funnel  has 
remained  to  mark  its  site.  The  buried  column  of  compacted  fragmentary 
material  will  survive  as  the  only  memorial  of  the  eruptions  (Fig.  24.  For 
views  of  necks  formed  of  agglomerate  or  tuff  see  Figs.  23,  82,  102,  123, 
144,  178,  192,  203,  204,  209,  210,  212,  216). 

The  volcanic  agglomerates  of  such  vents  sometimes  include,  among 
their  non-volcanic  materials,  pieces  of  rock  which  bear  evidence  of  having 
been  subjected  to  considerable  heat  (see  vol.  ii.  p.  78).  Carbonaceous  shales, 
for  instance,  have  had  their  volatile  constituents  driven  off,  limestones  have 
been  converted  into  marble,  and  a  general  induration  or  "  baking  "  may  be 
perceptible.  In  other  cases,  however,  the  fragments  exhibit  no  sensible 
alteration.  Fossiliferous  limestones  and  shales  often  retain  their  organic 
remains  so  unchanged  that  specimens  taken  out  of  the  agglomerate  cannot 
be  distinguished  from  those  gathered  from  the  strata  lying  in  situ  outside. 
Some  stones  have  evidently  been  derived  from  a  deeper  part  of  the  chimney, 
where  they  have  been  exposed  to  a  higher  tempemture  than  others,  or  they 
may  have  been  lain  longer  within  the  influence  of  hot  ascending  vapours. 

The  volcanic  materials  in  agglomerate  range  in  size  from  the  finest  dust 
to  blocks  several  yards  in  length,  with  occasionally  even  much  larger 
masses.  The  proportions  of  dust  to  stones  vary  indefinitely,  the  finer 
material  sometimes  merely  filling  in  the  interstices  between  the  stones,  at 
other  times  forming  a  considerable  part  of  the  whole  mass. 

The  stones  of  an  agglomerate  may  be  angular  or  subangular,  but  are 
more  usually  somewhat  rounded.  Many  of  them  are  obviously  pieces  that 
have  been  broken  from  already  solid  rock  and  have  had  their  edges  rounded 
by  attrition,  probably  by  knocking  against  each  other  and  the  walls  of  the 
chimney  as  they  were  hurled  up  and  fell  back  again.  Their  frequently 
angular  shapes  negative  the  supposition  that  they  could  have  been  produced 
by  the  discharge  of  spurts  of  still  liquid  lava.  As  already  stated,  they 
have  probably  been  in  large  measure  derived  from  the  violent  disruption  of 
the  solidified  cake  or  crust  on  the  top  of  the  column  of  lava  in  the  pipe. 
Many  of  them  may  have  been  broken  off  from  the  layer  of  congealed  lava 
that  partially  coated  the  rough  walls  of  the  funnel  after  successive  uprises 
of  the  molten  material.  Among  them  may  be  observed  many  large  and 
small  blocks  that  appear  to  have  been  derived  from  the  disrui)tion  of  true 
lava-streams,  as  if  beds  of  lava  had  been  pierced  in  the  formation  of  the 
vent,  or  as  if  those  that  congealed  on  tlie  slopes  of  the  cone  had  been  broken 
up  by  subsequent  explosions.  These  fragments  of  lava  are  sometimes  strongly 
amygdaloidal.  A  characteristic  feature,  indeed,  of  the  blocks  of  volcanic 
material  in  the  agglomerates  is  their  frequent  cellular  structure.  Many 
of  them  may  be  described  as  rough  slags  or  scoriae.  These  have  generally 
come  from  the  spongy  crust  or  upper  part  of  the  lava  where  the  imprisoned 
steam,  relieved  from  pressure,  is  able  to  expand  and  gather  into  vesicles. 
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Less  frequently  evidence  is  obtainable  that  the  blocks  were  partially  or 
wholly  molten  at  the  time  of  expulsion.  Sometimes,  for  example,  a  mass 
which  presents  on  one  side  such  a  broken  face  as  to  indicate  that  it  came 
from  already  solidified  material,  will  show  on  the  other  that  its  steam- 
vesicles  have  been  pulled  out  in  such  a  way  as  to  conform  to  the  rounded 
surface  of  the  block.  This  elongation  could  only  take  place  in  lava  that 
was  not  yet  wholly  consolidated.  It  seems  to  indicate  that  such  blocks 
were  derived  from  a  thin  hardened  crust  lying  upon  still  molten  material, 
and  that  they  carried  up  parts  of  that  material  with  them.  As  each  stone 
went  whirling  up  the  funnel  into  the  open  air,  its  melted  part  would  be 
drawn  round  the  gyrating  mass,  and  would  mpidly  cool  there. 

In  other  cases,  we  encounter  true  volcanic  bombs,  that  is,  rounded  or 
bomb-shaped  blocks  of  lava,  with  their  vesicles  elongated  all  round  them 
and  conforming  to  their  spherical  shape.  Sometimes  such  blocks  are 
singularly  vesicular  in  the  centre,  with  a  more  close-grained  crust  on  the 
outside.  Their  rajnd  centrifugal  motion  during  flight  would  allow  of  the 
greater  expansion  of  the  dissolved  steam  in  the  central  part  of  each  mass, 
while  the  outer  parts  would  be  quickly  chilled,  and  would  assume  a  more 
compact  texture.  Bombs  of  this  kind  are  met  with  among  ancient  volcanic 
products,  and,  like  tliose  of  modern  volcanoes,  have  obviously  been  produced 
by  the  ejection  of  spurts  or  gobbets  of  lava  from  the  surface  of  a  mass 
in  a  state  of  violent  ebullition.  Occasionally  they  are  hollow  inside,  the 
rotation  in  these  cases  having  probably  been  exceptionally  rapid. 

Passing  from  the  larger  blocks  to  the  smaller  fragments,  we  notice  the 
great  abundance  of  nut-like  subangular  or  rounded  pieces  of  lava  in  the 
agglomerates.  These  include  lumps  of  fine  grain  not  specially  vesicular, 
and  probably  derived  from  the  disruption  of  solidified  rock.  But  in  many 
agglomerates,  especially  those  associated  with  the  outpouring  of  basalts  or 
other  basic  lavas  (as  those  of  (,'arboniferous  and  Tertiary  age  described  in 
later  chapters),  they  comprise  also  vas(  numbers  of  very  finely  cellular 
material  or  pumice.  These  pumiceous  lapilli  have  been  already  alluded  to 
as  ingredients  of  the  stratified  tuffs.  But  they  are  still  more  characteristic 
of  the  necks,  and  reach  there  a  larger  size,  ranging  from  the  finest  grains  up 
to  lumps  as  large  as  a  hen's  egg,  or  even  larger. 

The  peculiar  distinctions  of  this  ejected  pumice  are  the  extreme  minute- 
ness of  its  vesicles,  their  remarkable  abundance,  their  prevalent  spherical 
forms,  and  the  thinness  of  the  walls  which  separate  them.  In  these 
respects  they  present  a  marked  contrast  to  the  large  irregularly-shaped 
stciim- cavities  of  the  outflowing  lavas,  or  even  of  the  scoriae  in  the 
agglomerates. 

This  characterisiie  minutely  vesicular  pumice  is  basic  in  composition. 
^V^lere  not  too  much  decayed,  it  may  be  recognized  as  a  basic  glass.  Thus 
among  the  remarkaWe  agglomerates  which  fill  up  the  Pliocene  or  Pleistocene 
vents  of  the  Velay,  the  fragments  consist  of  a  dark  very  basic  glass,  which 
encloses  such  a  multitude  of  minute  steam -cavities  that,  when  seen  under  the 
microscope,  they  are  found  to  be  separated  from  each  other  by  walls  so  thin 
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that  the  slice  looks  like  a  pattern  of  delicate  lace.^  In  necks  of  earlier 
date,  such  as  those  of  older  Tertiary,  and  still  more  of  Pahuozoic,  time,  the 
glass  has  generally  been  altered  into  some  palagonitic  material. 

This  finely  pumiceous  substance  appears  to  be  peculiar  to  the  vents  and 
to  the  deposits  of  tufl"  immediately  derived  from  them.  It  is  not  found,  so 
far  as  I  know,  among  any  of  the  superficial  lavas,  and,  of  course,  would  not  be 
looked  for  among  intrusive  rocks.  It  was  evidently  a  special  product  of  the 
volcanic  chimney,  as  distinguished  from  the  mass  of  the  magma  below.  We 
may  perhaps  regards  it  as  in  some  way  due  to  a  process  of  quiet  simmering 
within  the  vent,  when  the  continual  passage  of  ascending  vapours  kept 
the  molten  lava  there  in  ebullition,  and  gave  it  its  special  frothy  or  finely 
pumiceous  character. 

The  compacted  dust,  sand  or  grav^elly  detritus  found  in  necks,  and 
comprised  under  the  general  name  of  Tuff,  consists  partly  of  the  finer  particles 
produced  during  the  violent  disruption  of  already  solidified  rocks,  partly  of 
the  detritus  arising  from  the  friction  and  impact  of  stones  ascending  and 
descending  above  an  active  vent  during  times  of  eruption,  and  partly  of 
the  extremely  light  dust  or  ash  into  which  molten  lava  may  be  blown  by 
violent  volcanic  explosions.  In  old  volcanic  necks,  where  the  rocks  have 
long  been  subjected  to  the  infiuence  of  percolating  meteoric  water,  it  is  not 
perhaps  possible  to  discriminate,  except  in  a  rough  way,  the  products  from 
these  three  soui*ces.  The  more  minutely  comminuted  material  has  generally 
undergone  considerable  alteration,  so  that  under  the  microscope  it  seldom 
reveals  any  distinctive  structures.  Here  and  there  in  a  slide,  traces  may 
occasionally  be  detected  of  loose  volcanic  microlites,  though  more  usually 
these  can  only  be  found  in  lapilli  of  altered  glass  or  finely  pumiceous 
lava. 

The  composition  of  the  detritus  in  a  neck  of  agglomerate  or  tuff  has 
almost  always  a  close  relation  to  that  of  any  lavas  which  may  have  been 
emitted  from  that  vent.  If  the  lavas  have  been  of  an  acid  character,  such 
as  rhyolites,  felsites  or  obsidians,  the  pyroclastic  materials  will  almost 
always  be  found  to  be  also  acid.  Where,  on  the  other  hand,  the  lavas 
have  been  intermediate  or  basic,  so  also  will  be  the  tuffs  and  agglomerates. 
Occasionally,  however,  as  has  already  been  pointed  out,  from  the  same  or 
closely  adjoining  vents  lavas  of  very  different  chemical  composition  have  been 
successively  erupted.  Felsites  or  rhyolites  have  alternated  with  diabases, 
basalts  or  andesites.  In  such  cases,  a  commingling  of  acid  and  biisic 
detritus  may  be  observed,  as,  for  example,  among  the  volcanoes  of  the  Old 
Red  Sandstone.  It  has  even  happened  sometimes  that  such  a  mixture  of 
material  has  taken  place  when  only  one  class  of  lavas  has  been  poured  out 
at  the  surface,  as  in  the  agglomemtes  that  fill  vents  among  the  basalts  of 
the  Inner  Hebrides.  But  we  may  be  sure  that,  though  not  discharged  at 
the  surface,  the  lavas  of  which  pieces  are  found  in  the  tufl's  nmst  have 
risen  high  enough  in  the  vents  to  be  actually  l)lown  out  in  a  fragmentary 
form.      The   occurrence  of   felsitic  fragments  among  the    otherwise    basic 

»  M.  Boiilc,  BvlIL  Cart.  Oiol.  Fraiux,  No.  28,  tome  iv.  (1892)   p.  193. 
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agglomerates  of  Mull  and  Skye  will  be  described  in  subsequent  pages, 
likewise  the  intercalation  of  rhyolitic  detritus  between  the  basalts  of 
Antrim.     A  similar  association  occurs  among  the  modern  vents  of  Iceland. 

Among  the  contents  of  the  tufl's  and  agglomerates  that  occupy  old 
volcanic  vents,  some  are  occasionally  to  be  observed  of  which  the  source  is 
not  easily  conjectured.  Detached  cr}'stals  of  various  minerals  sometimes 
occur  abundantly  which  were  certainly  not  formed  in,  situ,  but  must  have 
been  ejected  as  loose  lapilli  with  the  other  volcanic  detritus.  Where  these 
crystals  belong  to  minerals  that  enter  into  the  composition  of  the  lavas  of 
the  district  in  which  they  are  found,  they  may  be  regarded  as  having 
probably  been  derived  from  the  explosion  of  such  lavas  in  the  vents,  the 
molten  magma  being  blown  into  dust,  and  its  already  formed  crystals 
being  liberated  and  expelled  as  separate  grains.  But  it  seems  to  he 
extremely  rare  to  find  any  neighbouring  lava  in  which  the  minerals  in 
question  are  so  largely  and  so  perfectly  crystallized  as  they  are  in  these 
loose  crystals  of  the  neck.  The  beautifully  complete  crystals  of  augite 
found  in  the  old  tuffs  of  Vesuvius  and  on  the  flanks  of  Stromboli  may 
be  paralleled  among  Palaeozoic  tuffs  and  agglomerates  in  Britain.  Thus  the 
necks  belonging  to  the  Arenig  and  Llandeilo  volcanoes  of  southern  Scotland 
are  sometimes  crowded  with  augite,  varying  from  minute  seed-like  gi*ains 
up  to  perfectly  formed  crystals  as  large  as  hazel  nuts.  The  conditions 
under  which  such  well -shaped  idiomorphic  minerals  were  formed  wei^e 
probably  different  from  those  that  governed  the  cooling  and  consolidation 
of  the  ordinary  lavas. 

But  besides  the  minerals  that  may  be  claimed  as  belonging  to  the 
volcanic  series  of  a  district,  others  occur  not  infreciuently  in  some  tuff-necks, 
the  origin  of  which  is  extremely  puzzling.  Such  are  the  large  felspars, 
micas,  garnets  and  the  various  gems  that  have  been  obtained  from  necks. 
The  large  size  of  some  of  these  crystals  and  their  frequently  perfect  crystallo- 
gi-aphic  forms  negative  the  idea  that  they  can,  as  a  rule,  be  derived  from 
the  destruction  of  any  known  rocks,  though  they  may  sometimes  be  con- 
ceivably the  residue  left  after  tlie  solution  of  the  other  constituents  of  a 
rock  by  the  underground  magma,  like  the  large  residual  felspars  enclosed  in 
some  dykes.  The  crystals  in  question,  however,  seem  rather  to  point  to 
some  chemical  processes  still  unknown,  which,  in  the  depths  of  a  volcanic 
focus,  under  conditions  of  pressure  and  temperature  which  we  may  speculate 
about  but  can  perhaps  hardly  ever  imitate  in  our  laboratories,  lead  to  the 
elaboration  of  the  diamond,  garnet,  sahlite,  smaragdite,  zircon  and  other 
minerals.^  Examples  of  such  foreign  or  deep-seated  crystals  w411  be 
described  from  the  probably  Permian  necks  of  Central  Scotland. 

Whatsoever  may  be  the  source  and  nature  of  the  fragmentary  materials 
that  fill  old  volcanic  vents,  they  present,  as  a  general  rule,  no  definite  arrange- 
ment in  the  necks.      Blocks  of  all  sizes  are  scattered  promiscuously  through 

*  For  lists  of  the  minerals  found  in  the  diamond-bearing  necks  of  Kimberley,  see  M.  Boutan  in 
Fremy's  Eiicydopcdk  Chimique  (18S6),  vol.  ii.  p.  168;  Dr.  M.  Bauer's  Edclsteinkunde  (1896), 
p.  223. 
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the  agglomerate,  just  as  they  fell  back  into  the  chimney  and  came  to  rest  there. 
The  larger  masses  are  placed  at  all  angles,  or  stand  on  end,  and  are  sometimes 
especially  conspicuous  in  the  centre  of  a  neck,  though  more  usually  dispersed 
through  the  whole.  Such  a  thoroughly  tumultuous  accumulation  is  precisely 
what  might  be  expected  where  explosions  have  taken  place  in  still  liquid 
and  in  already  consolidated  lavas,  and  where  the  materials,  violently  discharged 
to  the  sui'face,  have  fallen  back  and  come  finally  to  rest  in  the  chimney  of 
the  volcano. 

Nevertheless,  this  absence  of  arrangement  sometimes  gives  place  to  a 
stratification  which  becomes  more  distinct  in  proportion  as  the  material  of 
the  vent  passes  from  coarse  agglomerate  into  fine  tuff  It  is  possible  that 
the  existence  and  development  of  this  structure  depend  on  the  depth  at 
which  the  materials  accumulate  in  the  funnel.  We  may  conceive,  for 
instance,  that  in  the  lower  parts  of  the  chimney,  the  stones  and  dust, 
tumultuously  falling  and  rebounding  from  projections  of  the  rugged  walls, 
will  hardly  be  likely  to  show  much  trace  of  arrangement,  though  even  there, 
if  the  explosions  continue  to  keep  an  open  tliough  diiuinishing  passage  in 
the  vent,  alternations  of  coarser  and  finer  layers,  marking  varying  phases  of 
eruptivity,  may  be  formed  in  the  gradually  heightening  pile  of  agglomerate. 
Rude  indications  of  some  sucli  alternatious  may  sometimes  be  detected  in 
what  are  otherwise  quite  unstratified  necks. 

In  the  upper  part  of  a  volcanic  funnel,  however,  close  to  and  even 
within  the  crater,  the  conditions  are  not  so  unfavourable  to  the  production 
of  a  stratified  arrangement.  As  the  pipe  is  filled  up,  and  the  activity  of 
eruption  lessens,  explosions  may  occur  only  from  the  very  middle  of  the 
orifice.  The  debris  that  falls  back  into  the  vent  will  gather  most  thickly 
round  the  walls,  whence  it  will  slide  down  to  tlie  central,  still  eruptive  hole. 
It  will  thus  assume  a  stratified  arrangement,  the  successive  layers  lying  at 
the  steepest  angles  of  repose,  or  from  30°  to  .*>5'',  and  dipping  down  in  an 
inverted  conical  disposition  towards  the  centre.  If  the  process  should 
continue  long  enough,  the  crater  itself  may  be  partially  or  completely  filled 
up  with  detritus  (Fig.  25). 

Of  this  gradual  infilling  of  a  volcanic  chimney  with  stratified  agglomerate 
and  tuff,  examples  belonging  to  different  geological  periods  will  be  cited  in 
subsequent  chapters.  I  may  here  especially  allude  to  one  of  the  most  recently 
observed  and  best  marked  illustrations,  which  occurs  on  the  west  side  of 
Stromo,  in  the  Faroe  Islands  (see  Figs.  310,311,312).  A  neck  has  there  been 
filled  up  with  coarse  agglomerate,  which  is  rudely  stratified,  the  layers  dip- 
ping steeply  into  the  centre,  where  the  tumultuous  assemblage  of  large  blocks 
no  doubt  points  to  the  final  choking  up  of  the  diminished  orifice  of  explosion. 
The  walls  of  the  neck  are  nearly  vertical,  and  consist  of  the  bedded  basaltic 
lavas  through  which  the  vent  has  been  opened.  They  terminate  upward 
iu  a  conical  expansion,  evidently  the  old  crater,  which  has  subsequently 
l)een  filled  up  by  the  inroads  of  several  lava-streams  from  adjacent  vents. 
It  is  here  manifest  that  the  bedded  agglomerate  belongs  to  the  uppermost 
part  of  the  volcanic  funnel. 
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Where  vents  have  been  filled  up  with  tuff  rather  than  with  agglomerate, 
the  stratified  structure  is  beat  developed.  Alternations  of  coarser  and 
finer  detritus  give  rise  to  more  or  less  definite  layers,  which,  though  in- 
constant and  irregular,  serve  to  impart  a  distinctly  stratified  character 
to  tlie  mass.  Where  there  has  been  no  subsequent  disturbance  within  a 
vent,  tliese  layers  show  the  same  inward  dip.  towards  the  centre  just  referred 
to,  at  tile  ordinary  angles  of  repose.     Now  and  then,  whei"e  a  neck  with 


luS.      A.  tsroiinil  [ilaii ; 


this  structure  htia  been  laid  bare  on  a  beach,  its  denuded  cross-section  presents 
a  series  of  concentric  rings  of  stratu  from  the  walls  towards  the  centre. 
Good  illustrations  of  these  features  are  supplied  by  the  probably  Permian 
necks  of  eastern  Fife  (Figs.  25  A  and  217).' 

It  has  frequently  happened,  however,  that,  owing  to  subsidence  of  the 
materials  filling  up  the  vents  or  to  later  volcanic  disturbances,  the  compacted 
tuffs  have  heeii  bi'oken  up  and  thrown  into  various  positions,  large  masses 
being  even  placed  on  end.  Among  the  Carboniferous  and  Permian  necks 
of  Centi'al  Scotland  such  dislocated  and  vertical  tufi's  are  of  common  occur- 
rence (see  Figs.  145,  218).  If,  as  is  probable,  we  are  justified  in  regarding 
the  stratified  parts  of  necks  as  indicative  of  tlie  uppeiraost  parts  of  vol- 
canic funnels,  not  far  from  the  surface,  the  importance  of  this  inference 
will  be  best  undei-stood  when  the  Carboniferous  and  Permian  volcitnoes  are 
described. 

(3)  Neeks  wUli  «  centra}  Lai-a-pln'j. — Some  \ent8  of  agglomerate  or  tuff 
are  pierced  by  a  phig  of  lava,  as  may  be  instructively  seen  in  many  of  the 
Garbonifei'ous  and  Permian  necks  of  tlie  centre  and  south  of  Scotland  (Fig. 
26;  compare  also  Figs.  148,  174,  207,  and  22C).  Where  this  structure 
shows  itself,  the  contrast  in  hardness  and  durability  between  the  more 
destructible  fnigmentary  material  and  the  solid  resisting  lava  leads  to  a 
topographical  distinction  in  the  outer  forms  of  necks.  The  smooth  declivities 
'  See  ftbo  tlic  sections  of  vents  on  the  wast  coast  of  Stromii  Faroes,  above  rereired  to. 
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of  the  friable  tuffs  are  crowned  or   iitteinipted  by  more  craggj    features 
which  mark  the  position  of  the  harder  intrusive  rock 

The  plug,  like  the  pipe  np  which  it  has  risen  is  in  general  irregularly 
circular  in  ground-plan.  It  may  be  conceive  1  to  be  a  column  of  rock 
descending  to  an  unknown  depth  into  the  inter  or  uith  a  casing  of 
pyroclastic  debris  surrounding  it  It  may  vary  considerabh  in  the  pro- 
portion which  its  cross-section  bears  to  that  of  the  surroundin^  fragraental 
material  Sometimes  it  does  not  occupy  more  than  a  small  jtart  of  the 
whole,  often  appearing  in  the  centre 
In  other  cases,  it  more  than  equals 
all  the  rest  of  the  material  m  the 
vent,  while  instances  may  be  noted 
where  only  occasional  patches  of 
tuif  or  a^lomerate  are     isible  be       , 

tween  the  lava-plug   and   the  wall      '^py-\         ksiS^sf  ^A  \S  ^ 

of  the  pipe.     From  these  we  natur  «  t  0 

ally  pass  to  the  second  t)pe  jf  \ent 
where  no  fragmentary  material  is  to 
be  Been,  but  where  the  chimney  is  now  entii-ely  filled  with  some  massive 
once-molten  rock. 

A  neck  with  a  lava-plug  probably  contains  the  records  of  two  stages  in 
volcanic  progress,  the  first  of  which,  indicated  by  the  tuff  or  agglomerate, 
was  confined  to  the  discharge  of  fragmentary  materials ;  while  the  second, 
shown  by  the  lava-pIng,  belonged  to  the  time  when,  after  the  earlier 
explosions,  lava  ascended  in  the  vent  and  solidified  there,  thus  bringing 
the  eruptions  from  that  particular  orifice  to  an  end.  Where  a  small  central 
column  of  lava  rises  through  the  tuff,  we  may  suppose  that  tlie  funnel  had 
been  mainly  choked  up  by  the  accumulation  in  it  of  ejected  detritus,  which 
was  compacted  to  a  solid  mass  adhering  to  the  wall  of  the  funnel,  but 
leaving  a  central  orifice  to  be  kept  open  by  the  gradually  waning  enei^  of 
the  volcano.  By  a  iinal  effort  that  impelled  molten  rock  up  that  duct  and 
allowed  it  to  consolidate  there,  the  operations  of  the  vent  were  brought 
to  a  close. 

Where,  on  the  other  hand,  only  occasional  strips  of  tuff  or  agglomerate 
are  to  be  found  between  the  lava-plug  and  the  wall  of  the  pipe,  the  last 
uprise  of  lava  may  be  supposed  to  have  been  preceded  by  more  vigorous 
explosions  which  cleared  the  throat  of  the  volcano,  driving  out  the  accumu- 
lated detritus  and  leaving  only  scattered  patches  adhering  to  the  sides  of 
the  funueL 

There  is,  no  doubt,  some  downward  limit  to  the  production  of  fragmentaiy 
material,  and  if  we  could  lay  bare  successive  levels  in  the  chimney  of 
a  volcano  we  should  find  the  agglomerate  eventually  replaced  entirely 
by  lava. 

The  materials  of  the  lava-plugs  varj-  widely  in  composition.     Sometimes 
they  are  remarkably  basic,  and  present  rocks  of  the  picrite  or  limbui^te 
type ;   in  other  cases  they  are  thoroughly  acid  rocks  such  as  felsite  and 
VOL  I  F 
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granophyre.  Many  intermediate  varieties  may  be  found  between  these 
extremes.  It  is  noteworthy  that,  in  districts  where  the  lavas  erupted  to 
the  surface  have  been  andesitic  or  basaltic,  the  material  which  has  finally 
solidified  in  the  vents  is  often  more  acid  iu  composition,  trachytic  rocks 
being  specially  frequent. 

(4)  Ntcks  with  Difhes,  Veins,  or  irregular  itUrusions  of  Lava. — While 
the  presence  of  a  central  plug  of 
lava  in  a  neck  of  fn^meutal  material 
may  indicate  that  the  vent  was 
atill  to  some  extent  open,  there  is 
another  structure  which  seems  to 
point  to  the  ascent  of  lava  after 
tlie  fuuuel  has  been  choked  up. 
Numerous  instances  have  been 
ia)«itli  observed  where  lava  has  been 
forced  upward  through  rents  in  a 
mass  of  tuff  or  a^lomerate,  and  has  solidified  there  in  the  form  of  dykes 
or  veins  (Fig.  27).  Illustrations  of  this  structure  abound  among  the  Car- 
boniferous and  Fermian  necks  of  Britain.  Here,  again,  though  on  a  less 
marked  scale,  the  contrast  in  the  amount  and  cliaracter  of  the  weathering 
of  the  two  gi-oupa  of  rock  gives  rise  to  corresponding  topographical  features, 
which  ate  especially  observable  in  cliffs  and  coast-sections,  where  the  dykes 
and  veins  project  out  of  the  tuffs  as  dark  prominent  walls  (Figs.  135,  149, 
166,  168,  219,  221,  222). 

These  intrusive  iujections  are  generally  irregular  in  their  forms,  the 
lava  having  evidently  been  driven  througti  a  mass  of  material  which,  not 
having  yet  consolidated  sufficiently  to  acquire  a  jointed  structure,  afforded 
few  dominant  lines  of  division  along  which  it  could  ascend.  Xow  and 
then,  however,  sharply  defined  dykes  or  veins,  which  at  a  distance  look 
like  dark  ribbons,  may  be  seen  running  vertically  or  at  a  high  angle,  and 
with  a  straight  or  wavy  course,  through  the  fine  compacted  tuff  of  a  vent 
Frequently  the  injected  material  has  found  its  readiest  line  of  ascent  along 
the  walls  of  the  funnel,  between  the  tuff  and  the  surrounding  rocks. 
Occasionally  it  has  made  its  way  into  rents  in  these  rocks,  as  well  as 
into  the  body  of  the  neck. 

It  is  worthy  of  remark  in  passing  that  complete  consolidation  of  the  frag- 
mentary material  does  not  appear  to  be  always  requisite  in  order  to  allow 
of  the  formation  of  such  fissures  as  are  needed  for  the  production  of 
dykes.  A  singularly  interesting  illustration  of  this  fact  may  be  seen  on 
the  northern  crest  of  the  outer  crater  of  the  Puy  Pariou  in  Auvergna  A 
dyke  of  andesite  8  or  10  feet  broad  may  there  be  traced  running  for  a 
distance  of  about  300  yards  through  the  loose  material  of  the  cone.  The 
rock  is  highly  vesicular,  and  the  vesicles  have  been  elongated  in  the  direction 
of  the  course  of  the  dyke  so  as  to  impart  a  somewhat  fissile  structure  to 
the  mass. 

There  can  be  little  doubt  that  the  dykes  and  veins  which  traverse  necks 


CHAP.  V  NECKS  FILLED  WITH  LA  VA  67 


of  agglomerate  belong  to  one  of  the  closing  phases  in  the  history  of  the 
vents  in  which  they  occur.  They  could  only  have  been  injected  after  the 
pipes  had  been  so  choked  up  that  explosions  had  almost  or  entirely  ceased, 
and  eruptions  had  consequently  become  nearly  or  quite  impossible.  They 
show,  however,  that  volcanic  energy  still  continued  to  manifest  itself  by 
impelling  the  molten  magma  into  these  extinct  funnels,  while  at  the  same 
time  it  may  have  l)een  actively  discharging  materials  from  other  still  open 
vents  in  the  same  neighbourhood. 

With  regard  to  the  composition  of  these  dykes  and  veins,  it  may  be 
remarked  that  in  a  district  of  acid  lavas  they  may  be  expected  to  be  felsitic 
or  rhyolitic,  sometimes  granophyric.  Where,  on  the  other  hand,  the  lavas 
poured  out  at  the  surface  have  been  intermediate  or  basic,  the  veins  in  the 
necks  may  be  andesites,  basalts  or  other  still  more  basic  compounds.  But 
it  is  observable,  as  in  the  case  of  the  lava-plugs,  that  the  injections  into  the 
necks  may  be  much  more  acid  than  any  of  the  superficial  lavas.  The 
advent  of  acid  material  in  the  later  part  of  a  volcanoes  history  has  been 
already  alluded  to,  and  many  examples  of  it  will  be  given  in  this  work. 

After  all  explosions  and  eruptions  have  ceased,  heated  vapours  may 
still  for  a  long  period  continue  to  make  their  way  upward  through  the 
loose  spongy  detritus  filling  up  the  vent.  The  ascent  of  such  vapours,  and 
more  particularly  of  steam,  may  induce  considerable  metamorphism  of  the 
agglomerate,  as  is  more  particularly  noticed  at  p.  71. 

ii.  Necks  of  Lava-form  Material 

The  second  type  of  neck  is  that  in  which  the  volcanic  pipe  has  been 
entirely  filled  up  with  some  massive  or  crystalline  rock.  As  already 
remarked,  it  is  not  always  possible  to  be  certain  that  bosses  of  rock,  having 
the  external  form  of  necks  of  this  kind,  mark  the  sites  of  actual  volcanic 
orifices.  Eruptive  material  that  has  never  reached  the  surface,  but  has  been 
injected  into  the  crust  of  the  earth,  has  sometimes  solidified  there  in  forms 
which,  when  subsequently  exposed  by  denudation,  present  a  deceptive 
resemblance  to  true  volcanic  necks.  Each  example  must  be  examined  by 
itself,  and  its  probable  origin  must  be  determined  by  a  consideration  of  all 
the  circumstances  connected  with  it.  Where  other  evidence  exists  of 
volcanic  activity,  such,  for  instance,  as  the  presence  of  bedded  tuffs  or 
intercalated  sheets  of  lava,  the  occurrence  of  neck-like  eminences  or  bosses 
of  felsite,  andesite,  dolerite,  basalt  or  other  eruptive  rock,  would  furnish  a 
presumption  that  these  marked  the  sites  of  some  of  the  active  vents  of  the 
period  to  which  the  tuffs  and  lavas  belonged. 

If  a  neck-like  eminence  of  this  kind  were  found  to  possess  a  circular 
or  elliptical  ground-plan,  and  to  descend  vertically  like  a  huge  pillar  into 
the  crust  of  the  earth :  if  the  surrounding  rocks  were  bent  down  towards 
it  and  altered  in  the  manner  which  I  shall  afterwards  describe  in  detail ; 
if,  moreover,  the  material  composing  the  eminence  were  ascertained  to  l)e 
closely  related  petrographically  to  some  parts  of  the  surrounding  volcanic 
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series,  it  might  with  some  confidence   be  set  down  as  markiug  the  place  of 
one  of  the  active  vents  from  which  that  series  was  ejected. 

The  chief  contraet  in  external  form  between  this  type  of  neck  and  that 
formed  of  fragmentary  material  arises  from  differences  in  the  relative  dura- 
bility of  their  component  substance.  Tlie  various  kinds  of  lava-form  rock 
found  in  necks  are,  as  a  whole,  much  harder  and  more  indestructible  than 
agglomerates  and  tuffs,  Consefiuently  bosses  of  them  are  apt  to  stand  out 
more  prominently.  Tiiey  mount  into  higher  points,  present  steeper  declivi- 
ties, and  are  scarped  into  more  ru^ed  crags.  But  essentially  they  are 
characterized  by  similar  conical  outlines,  and  by  rising  in  the  same  solitary 
and  abrupt  way  from  lower  ground  around  tliem  (see  Figs.  109,  133,  and 
195,  294). 

Various  joint-structures  may  be  observed  in  these  necks.  In  some 
cases  there  is  a  tendency  to  separate  into  joints  pdrnllel  to  the  bounding 
walls,  and  occasionally  this  arrangement  goes  so  far  that  the  rock  has 
acquired  a  fissile  sti-ucture  as  if  it  were  composed  of  vertical  strata.      In 

other  instances,  the  rock 
shows  a  columnar  struc- 
ture, the  columns  diverging 
from  the  outer  margin,  or 
curving  inwards,  or  dis- 
playing various  irregular 
'!^^  groupings.  More  usually, 
however,  this  jointing  is 
so  indetinite  that  no  satis- 
factory connection  can  be 
traced  between  it  and  the 
walls  of  the  orifice  in  which  the  rock  has  solidified. 

Some  of  the  most  remarkable  examples  of  neclis  ever  figured  and 
(leacribed  are  those  to  which  attention  was  called  by  Captain  Dutton  as 
displayed  in  the  Zuiii  plateau  of  JTew  Mexico,  where,  amid  wide  denuded 
sheets  of  basalt,  numerous  prominent  crags  mark  the  sites  of  eruptive  ^'ents. 
The  basalt  of  these  eminences  is  columnar,  the  columns  standing  or  lyii^ 
in  all  sorts  of  attitudes,  and  in  most  cases  cur\'ed,'  In  the  Upper  Velay,  in 
Central  France,  numerous  conspicuous  domes  and  cones  of  phonolite  rise 
amidst  the  much-worn  basalt -plateau  of  that  region  (Fig.  345),  Many 
instances  will  be  cited  in  later  chapters  from  the  British  Isles, 


iiL   Didribnlioii  of  Vents  in  Hdativn  to  Gtoloijical  Structure-lines 

Where  the  positions  of  true  volcanic  necks  can  be  accurately  determined, 
it  is  interesting  to  study  their  distribution  and  their  relation  to  the  main 
lines  of  geol<^cal  structure  around  them.  Sometimes  a  distinct  linear 
arrangement  can  be  detected  iji  their  grouping.  Those  of  the  Lower  Old 
Red  Sandstone  of  Central  Scotland,  for  instance,  can  be  followed  in  lines  for 

'    U.S.  Oeol.  Survey,  6th  Annual  liepoTt,  188*. 85,  \i.  172. 
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distances  of  many  miles  (Map  No.  III).  Yet  when  we  try  to  trace  the  con- 
nection of  such  an  arrangement  with  any  known  great  lines  of  dislocation  in 
the  terrestrial  crust,  we  can  seldom  establish  it  satisfactorily.  In  the  case  of 
the  Scottish  Old  Eed  Sandstone  just  cited,  it  is  obvious  that  the  vents  were 
opened  along  a  broad  belt  of  subsidence  between  the  mountains  of  crj^stalline 
schist  on  the  north,  and  those  of  convoluted  Silurian  strata  on  the  south, 
either  margin  of  that  belt  being  subsequently,  if  not  then,  defined  by  lines 
of  powerful  fault.  No  vents  have  risen  along  these  faults,  nor  has  any 
relation  been  detected  between  the  sites  of  the  volcanic  foci  and  dislocations 
in  the  area  of  ancient  depression. 

Indeed,  it  may  be  asserted  of  the  vents  of  Britain  that  they  are  usually 
entirely  independent  of  any  faults  that  traverse  at  least  the  upper  visible 
part  of  the  earth's  crust.  They  sometimes  rise  close  to  such  lines  of 
fracture  without  touching  them,  but  they  are  equally  well  developed  where 
no  fractures  are  to  be  found.  Now  and  then  one  of  them  may  be  observed 
rising  along  a  line  of  fault,  but  such  a  coincidence  could  hardly  fail  occa- 
sionally to  happen.  From  the  evidence  in  the  British  Isles,  it  is  quite 
certain  that  if  volcanic  vents  have,  as  is  possible,  risen  preferably  along 
lines  of  fissure  in  the  terrestrial  crust,  these  lines  are  seldom  those  of  the 
visible  superficial  faults,  but  must  lie  much  deeper,  and  are  not  generally 
prolonged  upward  to  the  surface.  The  frequent  recurrence  of  volcanic 
outbursts  at  successive  geological  periods  from  the  same  or  adjacent  vents 
seems  to  point  to  the  existence  of  lines  or  points  of  weakness  deep  down 
in  the  crust,  within  reach  of  the  internal  molten  magma,  but  ftir  beneath 
the  horizon  of  the  stratified  formations  at  the  surface,  with  their  more 
superficial  displacements. 

While  sometimes  running  in  lines,  old  volcanic  vents  of  the  Yesuvian 
and  Puy  types  often  occur  also  in  scattered  groups.  Two  or  three  may  be 
found  together  within  an  area  of  a  few  hundred  yards.  Then  may  come 
an  interval  where  none,  or  possibly  only  a  solitary  individual,  may  appear. 
And  beyond  that  space  may  rise  another  sporadic  group.  These  features 
are  well  exhibited  by  the  Carboniferous  and  Permian  series  of  Scotland,  to 
the  account  of  which  the  reader  is  referred. 

A  large  neck  may  have  a  numl)er  of  smaller  ones  placed  around  it,  just 
as  a  modern  Vesuvian  cone  has  smaller  parasitic  cones  upon  its  flanks.  An 
instructive  example  of  this  arrangement  is  to  be  seen  at  the  great  vent  of 
the  Braid  Hills  belonging  to  the  Lower  Old  Eed  Sandstone  and  described  in 
Chapter  xx.  Other  instances  may  be  cited  from  the  Carboniferous  and 
Permian  volcanic  series  (see  Figs.  90,  148,  213). 

Not  infrequently  the  irregularities  in  the  ground-plan  of  a  neck,  as 
already  remarked,  may  be  accounted  for  on  the  supposition  that  they 
mark  the  site  of  more  than  one  vent.  Sometimes,  indeed,  it  is  possible  to 
demonstrate  the  existence  of  two  or  even  more  vents  which  have  been 
successively  opened  nearly  on  the  same  spot.  The  first  orifice  having 
become  choked  up,  another  has  broken  out  a  little  to  one  side,  which  in 
turn  ceasing  to  be  effective  from  the  same  or  some  other  cause,  has  been 
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succeeded  by  a  thirti  (Fig.  29).  The  three  cones  and  craters  of  the  little 
island  of  Volcanello  supply  a  singularly  perfect  recent  instauce  of  this 
structure  (Fig.  214),  Here  the  funnel  has  twice  shifted  its  position,  each 
cone  becoming  successively  smaller  and  partially  eflaeing  that  which  pre- 
ceded it.  In  Auvei^ne,  the  Puy  de  I'ariou  has  long  been  celebrated  as 
au  example  of  a  fresh  cinder-cone  partially  effacing  an  earlier  one.  In  the 
much  denuded  I'alaeozoic  volcanic  tracts  of  Britain,  where  the  cones  have 
long  since  disappeared  and  only  the  stumps  of  the  volcanic  cylinders  are 
left,  many  illustrations  occur  of  a  similar  displacement  of  the  funnel,  especi- 
ally among  the  volcanoes  of  the  Carboniferous  system. 

Among  the  irregularities  of  necks  that  may  indicate  a  connection  witii 
lines  of  fissure,  reference  may  he  made  here  to  dykes  or  dyke-like  masses 
of  agglomei-ate  which  are  sometimes  to  be  seen  among  the  volcanic  districts 
of  Britain.  In  these  cases  the  fragmentary  materials,  instead  of  lying  in  a 
more  or  less  cylindrical  pipe,  appear  to  (ill  up  a  long  lissure.  We  may 
suppose   that   the   explosions  which  produced  them  did  actually  occur  in 


fissures  instead  of  in  ordinary  vents.  The  remarkable  Icelandic  fissures 
with  their  long  rows  of  cinder  cones  are  doubtless,  at  least  in  their  upper 
parts,  largely  filled  up  with  s[a%  and  scoriie.  Some  illustrations  of  this 
structure  will  be  given  in  the  account  of  the  Carboniferous  volcanic  rocks 
of  Scotland  (see  No.  1  in  Fig.  22). 

There  is  yet  another  consideration  in  regard  to  the  form  and  size  of 
necks  which  deserves  attention.  Where  the  actual  mai^in  of  a  neck  and 
its  line  of  vertical  junction  with  the  rocks  through  which  it  has  been 
drilled  can  be  seen,  there  is  no  room  for  dispute  as  to  the  diameter  of  the 
original  funnel,  which  must  have  been  that  of  the  actual  neck.  But  in 
many  cases  it  is  impossible  to  observe  the  boundary ;  not  merely  because 
of  superficial  soil  or  drift,  but  occasionally  because  the  volcanic  detritus 
extends  beyond  the  actual  limits  of  the  funnel.  In  such  cases  the  necks 
have  letained  some  portion  of  the  original  volcanic  cone  which  accumulated 
on  the  surface  around  the  eruptive  vent.  It  may  even  chance  that  what 
appears  to  be  a  large  neck  woxdd  be  considerably  reduced  in  diameter,  and 
might  be  shown  to  include  -more  than  one  pipe  if  all  this  outer  casing  could 
be  removed  from  it.     In  Fig.  30,  for  example,  a  section  is  given  of  a  neck  (n) 
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from  wbicfa  on  the  r^ht-hand  side  all  the  cone  and  Burrounding  tuffs  (() 
have  hoen  removed  by  denudation,  the  original  form  of  the  volcano  being 
suggested  by  the  dotted  lines.  On  the  left  side,  however,  the  tuffs  which 
were  interatratihed  with  the  contemporaneous  sediments  are  still  connected 
with  the  neck,  denudation  not  having  yet  severed  them  from  it.  The  over- 
lying strata  (/,  t)  which  originally  overspread  the  extinct  volcano  have  been 


Fia.  30. — S«ctiau  to  show  the  counvction  of  a  aeck  with  a  coDe  and  auirouadiiig  liedded  tuK. 

bent  into  au  anticline,  and  the  neck  of  the  vent  has  thus  been  laid  bare  by 
the  removal  of  the  crest  of  the  arch. 

The  instances  where  a  structure  of  this  kind  is  concealed  are  probably 
fewer  in  number  in  proportion  to  their  antiquity.  But  among  Tertiary 
cones  they  may  perhaps  not  be  so  rare.  The  possibility  of  their  occurrence 
should  be  kept  in  view  during  the  investigation  of  extinct  volcanoes.  The 
lerm  Neck  ought  not  properly  to  be  applied  to  such  degraded  volcanic 
cones.  The  true  neck  still  reiuains  preserved  in  the  inside  of  them.  As 
illustrative  of  the  structure  here  referred  to,  I  may  cite  the  example  of  the 
SaUne  Hill  (Fig,  148)  and  of  Largo  Law  (Fig.  226),  both  in  Fife. 


iv.  Mdamorphism  in  and  around  Volcanic  Ventu — Sol/a/arie  Action 

The  prolonged  ascent  of  hot  vapours,  stones,  dust  and  lava,  in  the 
funnel  of  a  volcano  must  necessarily  affect  the  rocks  through  which  the 
funnel  has  been  driven,  We  may  therefore  expect  some  signs  of  alteration 
in  the  material  forming  the  walls  of  a  volcanic  neck.  The  nature  of  the 
metamorpliism  will  no  doubt  depend,  in  the  hrst  place,  on  the  character  and 
duration  of  the  agents  producing  it,  and  in  tlie  second,  on  the  susceptibilit}' 
of  the  rocks  to  undergo  change.  Mere  heat  will  indurate  rocks,  baking 
sandstone,  for  instance,  into  ijuartzite,  and  shales  into  porcellauite.  But 
there  will  almost  invariably  be  causes  of  alteration  other  than  mere  high 
temperature.  Water-vapour,  for  instance,  has  probably  always  been  one  of 
the  most  abimdant  and  most  powerful  of  them.  The  copious  evolution  of 
steam  from  volcanoes  is  one  of  their  most  characteristic  features  at  the 
present  day,  and  that  it  was  equally  so  in  past  time  seems  to  be  put  lieyond 
question  by  the  constantly  recurring  vesicular  structure  in  ancient  lavas 
and  in  the  lapilli  and  ejected  blocks  of  old  a^lomerates  and  tuffs.  Direct 
experiment  has  demonstrated,   in   the   hands   of  various   skilful  observers. 
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from  the  time  of  Sir  James  Hall  to  that  of  Professor  Daubr^e,  how  power- 
fully rocks  are  acted  upon  when  exposed  to  superheated  vapour  of  water 
under  great  pressure.  But  the  steam  of  volcanoes  oft^n  contains  other 
vapours  or  mineralizing  agents  dissolved  in  it,  which  increase  its  meta- 
morphic  influence.  The  mineral  acids,  for  instance,  must  exert  a  powerful 
effect  in  corroding  most  minerals  and  rocks.  At  the  Solfatara  of  Naples 
and  at  other  volcanic  orifices  in  different  parts  of  Italy,  considerable  altera- 
tion is  seen  to  be  due  to  this  cause. 

Bearing  these  well-known  facts  in  mind,  we  may  be  prepared  to  find 
various  proofs  of  metamorphism  around  and  within  old  volcanic  vents. 
The  surrounding  rocks  are  generally  much  hardened  immediately  con- 
tiguous to  a  neck,  wliether  its  materials  be  fragmental  or  massive.  Sand- 
stones, for  example,  are  often  markedly  bleached,  acquire  the  vitreous  lustre 
and  texture  of  quartzite,  lose  their  usual  fissility,  break  irregularly  into  angular 
blocks,  and  on  an  exposed  surface  project  above  the  level  of  the  unaltered 
parts  beyond.  Shales  are  baked  into  a  kind  of  porcelain -like  substance. 
Coal-se^ims  are  entirely  destroyed  for  economic  purposes,  having  been  burnt 
into  a  kind  of  cinder  or  fused  into  a  blistered  slag-like  mass.  Limestones 
likewise  lose  their  usual  bluish -grey  tint,  become  w^hite  and  hard,  and 
assume  the  saccaroid  texture  of  marble. 

The  distance  to  w^iich  this  metamorphism  extends  from  the  wall  is, 
among  the  exposed  necks  in  Britain,  smaller  than  might  be  anticipated. 
Thus  I  have  seldom  been  able  to  trace  it  among  those  of  Carboniferous  or 
Permian  age  for  more  than  15  or  20  yards  in  ordinary  arenaceous  and 
argillaceous  strata,  even  where  every  detail  of  a  neck  and  its  surroundings 
has  been  laid  bare  in  plan  ui)on  a  beach.  The  alteration  seems  to  reach 
furthest  in  carbonaceous  seams,  such  as  coals. 

It  is  evident  that  the  element  of  time  must  enter  into  the  question  of 
the  amount  of  metamorphism  produced  in  the  terrestrial  crust  immedi- 
ately surrounding  a  volcanic  pipe.  A  volcano,  of  which  the  eruptions 
begin  and  end  within  an  interval  of  a  few  days  or  hours,  cannot  l)e 
expected  to  have  had  much  metamorphic  influence  on  the  rocks  through 
which  its  vent  was  opened.  On  the  other  hand,  around  a  funnel  which 
served  for  many  centuries  as  a  channel  for  the  escape  of  hot  vapours,  ashes 
or  lava  to  the  surface,  there  could  hardly  fail  to  be  a  considerable  amount  of 
alteration.  The  absence  or  comparatively  slight  development  of  meta- 
morphism at  the  Carboniferous  and  Permian  necks  of  Scotland  may  perhaps 
be  regarded  as  some  indication  that  these  volcanoes  were  generally  short- 
lived. On  the  other  hand,  more  extensive  alteration  may  be  taken  as 
pointing  to  a  longer  continuance  of  eruptive  vigour. 

The  same  causes  w^hich  have  induced  metamorphism  in  the  rocks  sur- 
rounding a  volcanic  vent  might  obviously  effect  it  also  among  the  frag- 
mentary materials  by  which  the  vent  may  have  been  filled  up.  When  the 
eruptions  ceased  and  the  funnel  was  left  choked  with  volcanic  debris,  hot 
vapours  and  gases  would  no  doubt  still  continue  for  a  time  to  find  their 
way  upward  through  the  loose  or  partially  compacted  mass.     In  their  ascent 
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they  would  permeate  this  material,  and  in  tlie  end  produce  in  it  a  series  of 
changes  similar  to,  and  possibly  even  more  pronounced  than,  those  traceable 
in  the  walls  of  the  vent.  Instances  of  this  kind  of  metamorphism  will  be 
cited  in  the  following  chapters  (see  in  particular  p.  404). 

V.  Invmrd  Dip  of  Rocks  tmvards  Necks 

One  concluding  observation  requires  to  be  made  regarding  the  rela- 
tion of  old  volcanic  necks  to  the  rocks  which  immediately  surround  them. 
Where  a  vent  has  been  opened  through  massive  rocks,  such  as  granite, 
felsite,  andesite  or  basalt,  it  is  generally  difficult  or  impossible  to  determine 
whether  there  has  been  any  displacement  of  these  rocks,  beyond  the 
disruption  of  them  caused  by  the  explosions  that  blew  out  the  orifice. 
But  where  the  pipe  has  l:)een  drilled  through  stratified  rocks,  especi- 
ally when  these  still  lie  nearly  flat,  the  planes  of  stratification  usually 
supply  a  ready  test  and  measure  of  any  such  movement.  Investigation  of 
the  volcanic  rocks  of  Britain  has  shown  me  that  where  any  displacement 
can  be  detected  at  a  neck,  it  is  almost  invariably  in  a  downward  direction. 
The  strata  immediately  around  the  vent  tend  to  dip  towards  it,  whatever  may 
be  their  prevalent  inclination  in  tlie  ground  beyond  (Fig.  24).  This  is  the 
reverse  of  the  position  which  might  have  been  expected.  It  is  so  frequent, 
however,  that  it  appears  to  indicate  a  general  tendency  to  subsidence  at  the 
sites  of  volcanic  vents.  After  copious  eruptions,  large  cavernous  spaces  may 
conceivably  be  left  at  the  roots  of  volcanoes,  and  the  materials  that  have  filled 
the  vents,  losing  support  underneath,  will  tend  to  gravitate  downwards,  and 
if  firmly  welded  to  their  surrounding  walls  may  drag  these  in-egularly  down 
with  them.  Examples  of  such  sagging  structures  are  abundantly  to  be  seen 
among  the  dissected  vents  of  the  Carboniferous  and  Permian  volcanic  series 
of  Scotland. 

vi.   Influence  of  Contcmporanemis  Denudation  upon  Volcanic  Cones 

It  must  be  remembered  that  former  vents,  except  those  of  the  later  geo- 
logical periods,  are  revealed  at  the  surface  now  only  after  extensive  denudation. 
As  a  rule,  the  volcanoes  that  formed  them  appeared  and  continued  in  erup- 
tion during  periods  of  general  subsidence,  and  were  one  by  one  submerged 
and  buried  beneath  subaqueous  deposits.  We  can  conceive  that,  while  a 
volcanic  cone  was  sinking  under  water,  it  might  be  seriously  altered  in  form 
and  height  by  waves  and  currents.  If  it  consisted  of  loose  ashes  and  stones, 
it  might  be  entirely  levelled,  and  its  material  might  be  strewn  over  the  floor 
of  the  sea  or  lake  in  which  it  stood.  But,  as  has  been  already  pointed  out, 
the  destruction  of  the  cone  would  still  leave  the  choked-up  pipe  or  funnel 
from  which  the  materials  of  that  cone  had  been  ejected.  Though,  during 
the  subsidence,  every  outward  vestige  of  the  actual  volcano  might  disappear, 
yet  the  agglomerate  or  lava  that  solidified  in  the  funnel  underneath  would 
remain.     And  if  these  materials  had  risen  some  way  within  the  cone  or 
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crater,  or  if  they  reached  at  least  a  higher  level  in  the  funnel  than  the  sur- 
rounding water-bottom  or  land-surface,  the  destruction  of  the  cone  might 
leave  a  projecting  knob  or  neck  to  be  surrounded  and  covered  by  the  accu- 
mulating sediments  of  the  time.  It  is  thus  evident  that  the  levelling  of  a 
cone  of  loose  ashes  during  gradual  subsidence,  and  the  deposition  of  a  con- 
temporary series  of  sedimentary  deposits,  might  give  rise  to  a  true  neck, 
which  would  be  coeval  with  the  geological  period  of  the  volcano  itself. 

In  practice  it  is  extremely  difficult  to  decide  how  far  any  now  visible 
neck  may  have  been  reduced  to  the  condition  of  a  mere  stump  or  core  of  a 
volcano  before  being  buried  under  the  stratified  accumulations  of  its  time. 
In  every  case  the  existence  of  the  neck  is  a  proof  of  denudation,  and  per- 
haps, in  most  cases,  the  chief  amount  of  that  denudation  is  to  be  ascribed 
not  to  the  era  of  the  original  volcano,  but  to  the  comparatively  recent 
interval  that  has  elapsed  since,  in  the  progress  of  degradation,  the  volcanic 
rocks,  after  being  long  buried  within  the  crust,  were  once  more  laid  bare  by 
the  continuous  waste  and  lowering  of  the  level  of  the  land. 

vii.  Stages  in  the  History  of  old  Volcanic  Vents 

Let  us  now  try  to  follow  the  successive  stages  in  the  history  of  a 
volcano  after  its  fires  had  quite  burnt  out,  and  when,  slowly  sinking  in  the 
waters  of  the  sea  or  lake  wherein  it  had  burst  forth,  it  was  buried  under  an 
ever-growing  accumulation  of  sedimentary  material.  The  sand,  mud,  cal- 
careous ooze,  shell-banks,  or  whatever  may  have  been  the  sediment  that  was 
gathering  there,  gradually  crept  over  the  submerged  cone  or  neck,  and 
would  no  doubt  be  more  or  less  mixed  with  any  volcanic  detritus  which 
waves  or  currents  could  stir  up.  If  the  cone  escaped  being  levelled,  or  if 
it  left  a  projecting  neck,  this  subaqueous  feature  would  be  entombed  and 
preserved  beneath  these  detrital  deposits.  Hundreds  or  thousands  of  feet  of 
strata  might  be  laid  down  over  the  site  of  the  volcano,  which  would  then 
remain  hidden  and  preserved  for  an  indefinite  period,  until  in  the  course  of 
geological  revolutions  it  might  once  again  be  brought  to  the  surface. 

These  successive  changes  involve  no  theory  or  supposition.  They  must 
obviously  have  taken  place  again  and  again  in  past  time.  That  they 
actually  did  occur  is  demonstrated  by  many  examples  in  the  British  Isles. 
I  need  only  refer  here  to  the  interesting  cases  brought  to  light  by  mining 
operations  in  the  Dairy  coalfields  of  Ayrshire,  which  are  more  fully  described 
in  Chapter  xxvii.  (p.  433).  In  that  district  a  number  of  cones  of  tuff,  one 
of  which  is  700  feet  in  height,  have  been  met  with  in  the  course  of  boring 
and  mining  for  ironstone  and  coal.  The  well-known  mineral  seams  of  the 
coalfield  can  be  followed  up  to  and  over  these  hidden  hills  of  volcanic  tuff 
which  in  the  progress  of  denudation  have  not  yet  been  laid  bare  (Fig.  146). 

The  subsidence  which  carried  down  the  water-bottom  and  allowed  the 
volcanic  vents  to  be  entombed  in  sedimentary  deposits  may  have  been  iu 
most  cases  tolerably  equable,  so  that  at  any  given  point  these  deposits 
would    be    sensibly   horizontal.       But   subsequent    terrestrial   disturbances 
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might  seriously  affect  this  regularity.  The  sedimeutary  formatioDS,  piled 
above  each  other  to  a  great  depth,  and  acquiring  solidity  hy  compression, 
might  be  thrown  into  folds,  dislocated,  upheaved  or  depressed.  The  buried 
volcanic  funnels  would,  of  course,  share  in  the  effects  of  these  disturbances, 
and  eventually  might  be  bo  squeezed  and  broken  aa  to  be  with  difficulty  recog- 
nizable. It  is  possible  that  some  of  the  extreme  stages  of  such  subterranean 
commotiooa  are  revealed  among  the  "  Dahadian "  rocks  of  Scotland. 
Certain  green  schists  which  were  evidently  originally  sediments,  and 
probably  tuBa,  are  associated  with  numerous  sills  aud  bosses  of  eruptive 
materiaL  The  way  in  which  these  various  rocks  are  grouped  together 
strikingly  suggests  a  series  of  volcanic  products,  some  of  the  crushed  bosses 
recalling  the  forms  of  true  necks  in  younger  formations.  But  they  have 
been  so  enormously  compressed  and  sheared  that  the  very  lavas  which 
originally  were  massive  amorplious  crystalline  rocks  have  passed  into  fissile 
hornblende-schists. 

Among  the  Pala'ozoic  systems  of  Jkitain,  however,  where  considerable 
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fracture  and  displacement  have  taken  place,  examples  of  successive  stages  in 
the  reappearance  of  buried  volcanic  cones  and  necks  may  be  gatliered  in 
abundance.  As  an  illustrative  diagram  of  the  process  of  revelation  by  the 
gradual  denudation  of  an  upheaved  tract  of  country.  Fig.  ol  may  be 
referred  to  (compare  also  Fig.  147). 

Here  three  volcanic  vents  are  represented  in  diff'erent  stages  of  re- 
emergence.  In  the  first  (A)  we  see  a  cone  and  funnel  which,  after  having  l)een 
buried  under  sedimentary  deposits  (;<,  s,)  have  been  tilted  up  by  subterranean 
movements.  The  overlying  strata  have  been  brought  within  the  infiuence 
of  denudation,  and  their  exposed  basset  edges  along  tlie  present  surface  of 
the  laad  {rj,  g)  bear  witness  to  the  loss  which  they  have  suffered.  Already, 
in  the  progress  of  degradation,  a  porti()n  of  the  volcanic  materials  which, 
ejected  from  that  vent,  were  interstrutified  with  the  contemporaneous 
sediments  of  the  surrounding  sea-floor,  has  Ijeen  exiwsed  at  (.  A  geoltH^nst 
coming  to  that  volcanic  intercalation  would  be  sure  that  it  pointed  to  the 
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existence  of  some  volcanic  vent  in  the  neighbourhood,  but  without  further 
evidence  he  would  be  unable  to  tell  whether  it  lay  to  right  or  left,  whether 
it  was  now  at  the  surface  or  lay  still  buried  under  cover  of  the  stratified 
deposits  which  were  laid  down  upon  it. 

In  the  second  or  central  example  (B)  we  have  a  pipe  and  cone  which 
have  been  similarly  disturbed.  But  in  this  case  denudation  has  proceeded 
so  far  as  to  reveal  the  cone  and  even  to  cut  away  a  portion  of  it,  as  shown 
by  the  dotted  lines  to  the  right  hand.  Owing,  however,  to  the  general 
inclination  of  the  rocks  towards  the  left,  that  side  of  the  cone,  together  with 
the  tuffs  or  lavas  connected  with  it,  still  lies  buried  and  protected  under 
cover  of  the  sedimentary  formations  (5,  s). 

The  third  example  (C)  shows  a  much  more  advanced  stage  of  destruction. 
Here  the  whole  of  the  cone  has  been  worn  away.  All  the  lavas  and  tuffs 
which  were  ejected  from  it  towards  the  right  have  likewise  disappeared, 
and  strata  older  than  the  eruptions  of  this  vent  now  come  to  the  surface 
there.  To  the  left,  however,  a  little  portion  of  its  lavas  still  remains  at  /, 
though  all  the  intervening  volcanic  material  has  been  removed.  That 
solitary  fragment  of  the  outpourings  of  this  volcano  once  extended  further 
to  the  left  hand,  but  the  occurrence  of  the  large  dislocation  (/)  has  carried 
this  extension  far  down  below  the  surface.  The  vent  in  this  instance, 
owing  to  its  position,  has  suffered  more  from  denudation  than  the  other  two. 
Yet,  judged  by  the  size  of  its  neck,  it  was  probably  larger  than  either 
of  them,  and  threw  out  a  more  extensive  pile  of  volcanic  material.  Its 
funnel  has  been  filled  with  agglomerate  («),  through  which  a  central  plug 
of  lava  {]))  has  ascended,  and  into  which  dykes  or  veins  (d,  d),  the  last  efforts 
of  eruption,  have  been  injected. 

This  diagram  will  serve  to  illustrate  the  fact  already  so  often  insisted  on, 
that  although  denudation  may  entirely  remove  a  volcanic  cone,  and  also  all 
the  lavas  and  tuffs  which  issued  from  it,  the  actual  filled-up  pipe  cannot  be 
so  effaced,  but  is  practically  permanent. 


CHAPTER  VI 

Underground  Phases  of  Volcanic  Action — continued,  11.  Subterranean  Movements  of  the 
Magma  :  L  Dykes  and  Veins ;  ii.  Sills  and  Laccolites  ;  iii.  Bosses  (Stocks,  Culots) — 
Conditions  that  govern  the  Intrusion  of  Molten  Rock  within  the  Terrestrial  Crust. 


II.  Subterranean  Movements  of  the  Magma 

In  the  foregoing  pages  attention  has  been  more  specially  directed  to  those 
aspects  of  volcanic  energy  which  reveal  themselves  above  ground  and  in 
eruptive  vents.  We  have  now  to  consider  the  various  ways  in  which  the 
molten  magma  is  injected  into  the  crust  of  the  earth. 

Such  injection  must  obviously  take  place  during  the  expulsion  of  vol- 
canic materials  to  the  surface.  If  the  explosive  violence  of  an  eruption, 
or  the  concomitant  movements  of  the  earth's  crust,  should  lead  to  ruptures 
among  the  subterranean  rocks,  the  molten  magma  will  be  forced  into  these 
rents.  It  is  evident  that  this  may  happen  either  with  or  without  any 
discharge  of  lava  at  the  surface.  It  may  be  either  entirely  a  plutonic,  that 
is,  a  deep-seated  phenomenon,  or  it  may  be  part  of  a  truly  volcanic  series 
of  events. 

It  is  clear  that,  by  the  study  of  old  volcanoes  that  have  had  their 
structure  laid  bare  by  denudation,  we  may  hope  to  obtain  fresh  light  in 
regard  to  some  of  the  more  deeply-seated  features  of  volcanic  energy,  which 
in  a  modern  volcano  are  entirely  concealed  from  view.  A  little  reflection 
will  convince  us  that  the  conditions  for  consolidation  within  the  crust  are 
so  different  from  those  at  the  surface  that  we  may  expect  them  to  make 
themselves  visible  in  the  internal  characters  of  the  rocks. 

An  essential  distinction  between  underground  propulsions  of  molten 
rock  and  superficial  outflows  of  the  same  material  lies  in  the  fact  that 
while  the  latter  are  free  to  take  any  shape  which  the  form  and  slope  of 
the  ground  may  permit,  the  subterranean  injections,  like  metal  poured  into 
a  mould,  are  always  bounded  by  the  walls  of  the  aperture  into  which  they 
are  thrust.  According,  therefore,  to  the  shape  of  this  aperture  a  con- 
venient classification  of  such  intrusions  may  be  made.  Where  the  molten 
material  has  risen  up  vertical  fissures  or  irregular  cracks,  it  has  solidified 
as  Dykes  and  Veins.  Where  it  has  been  thrust  between  the  divisional 
planes  either  of  stratified  or  unstratified  rocks,  so  as  to  form  beds,  these  art* 
conveniently  known  as  Sills,  Laccolites  or  Intrusive  Sheets.  Where  it  has 
taken  the  form  of  large  cylindrical  masses,  which,  ascending  through  the 
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crust,  appear  at  the  surface  in   rounded,  elliptical   or  irregularly -shaped 
eminences,  these  are  called  Bosses  (Stocks,  Culots). 

Further  contrasts  between  the  superficial  and  subterranean  consolidation 
of  molten  material  are  to  be  found  in  the  respective  textures  and  minute 
structures  of  the  rocks.  The  deep-seated  intrusions  are  commonly  charac- 
terized by  a  general  and  markedly  greater  coarseness  of  crj'^tallization  than 
is  possessed  by  lavas  poured  out  at  the  surface.  This  difiference  of  texture, 
obviously  in  great  measure  the  result  of  slower  cooling,  shows  itself  in  acid, 
intermediate,  and  basic  magmas.  A  lava  which  at  the  surface  has  cooled  as 
a  fine-grained,  compact  black  basalt,  in  which  neither  with  the  naked  eye  nor 
w^th  the  lens  can  the  constituent  minerals  be  distinctly  determined,  may 
conceivably  be  represented  at  the  roots  of  its  parent  volcano  by  a  coarse- 
textured  gabbro,  in  which  the  felspars  and  pyroxenes  may  have  grown  into 
crystals  or  crystalline  aggregates  an  inch  or  more  in  length.  Mr.  Iddings 
has  pointed  out  that  the  various  porphyrites  which  form  the  dykes  and 
sills  of  Electric  Peak  are  connected  with  a  central  boss  of  coarsely  crystalline 
diorite.^  Examples  of  the  same  relation  from  different  volcanic  centres  in 
Britain  will  be  cited  in  later  chapters. 

This  greater  coarseness  of  texture  is  shown  by  microscopic  examination 
to  be  accompanied  by  other  notable  differences.  In  particular,  the  glassy 
residuum,  or  its  devitrified  representatives,  which  may  be  so  frequently 
detected  among  the  crystals  of  outflowing  lavas,  is  less  often  traceable  in  the 
body  of  subterreanean  intrusive  rocks,  though  it  may  sometimes  be  noticed 
at  their  outer  margins  where  they  have  been  rapidly  chilled  by  contact  with 
the  cool  upper  part  of  the  crust  into  which  they  have  been  impelled. 
Various  minerals,  the  constituents  of  which  exist  in  the  original  magma, 
but  which  may  be  hardly  or  not  all  recognisable  in  the  superficial  lavas, 
have  had  leisure  to  crystallize  out  in  the  deep-seated  intrusions  and  appear 
sometimes  among  the  components  of  the  general  body  of  the  rock,  or  as  well- 
terminated  crystals  in  its  drusy  cavities. 

Considerable  though  the  variations  may  be  between  the  petrographical 
characters  of  the  intrusive  and  extrusive  rocks  of  a  given  district  and  of  the 
same  eruptive  period,  they  appear  generally  to  lie  within  such  limits  as  to 
suggest  a  genetic  relation  between  the  whole  series.  Conditions  of  tempera- 
ture and  pressure,  and  the  retention  or  escape  of  the  absorbed  vapours  which 
play  so  large  a  part  in  volcanic  activity,  must  exercise  great  influence  on 
the  crystallization  of  constituent  minerals,  and  on  the  consolidation  and 
ultimate  texture  of  the  rocks.  Slow  cooling  under  gi-eat  pressure  and  with 
the  mineralizing  vapours  still  largely  retained  seems  to  be  pre-eminently 
favourable  for  the  production  of  a  holocrystalline  texture  in  deep-seated 
portions  of  the  magma,  while  rapid  cooling  under  merely  atmospheric 
pressure  and  with  a  continuous  disengagement  of  vapours,  appears  to  be 
required  for  the  finer  grain,  more  glassy  structure,  and  more  vesicular 
character  of  lavas  poured  out  at  the  surface. 

Besides  these  differences,  however,  there  is  evidence  of  a  migration  of 

,  »  VUh  Ann,  Rep,  U,S.  Geol  Survey  (1890-91),  p.  696. 
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the  constituent  minerals  in  the  body  of  large  intrusive  masses  before  con- 
solidation. In  particular,  the  heavier  and  more  basic  constituents  travel 
towards  the  cooling  margin,  leaving  the  central  ])ortions  more  acid.  This 
subject  will  be  more  fully  considered  in  connection  with  the  internal  constitu- 
tion of  Bosses,  and  some  British  examples  will  then  be  cited. 

Reference,  however,  may  here  be  made  to  one  of  the  most  exhaustive  and 
instructive  studies  of  the  relations  of  the  subterranean  and  superficial  erupted 
rocks  of  an  old  volcano,  which  will  be  found  in  the  monograph  by  Mr.  Iddings 
on  Electric  Peak  and  Sepulchre  Mountain  in  the  Yellowstone  Park  of 
Western  America,  From  the  data  there  obtainable  he  draws  the  deduction 
that  one  parent  magma,  retaining  the  same  chemical  composition,  may  result 
in  the  ultimate  production  of  rocks  strikingly  different  from  each  other  in 
structure  and  mineralogical  constitution,  yet  chemically  identical.  Electric 
Peak  includes  the  central  funnel  filled  up  with  coarsely  crystalline  diorite, 
and  having  a  connected  series  of  sills  and  dykes  of  various  porphyrites. 
Sepulchre  Mountain,  separated  from  its  neighbouring  eminence  by  a  fault  of 
4000  feet,  displays  some  of  the  superficial  discharges  from  the  vent — coarse 
breccias  with  andesite-lavas.  These  rocks  are  not  chemically  distinguishable 
from  the  intrusive  series,  but  the  lavas  are,  on  the  whole,  more  glassy,  while 
the  materials  of  the  bosses,  sills  and  dykes  are  more  crystalline.  The  latter 
display  much  more  visible  quartz  and  biotite.^ 

By  practice  in  the  field,  supplemented  by  investigation  with  the  aid  of 
the  microscope,  a  geologist  acquires  a  power  of  discriminating  with  fair 
accuracy,  even  in  hand  specimens,  the  superficial  from  the  subterranean 
igneous  rocks  of  an  old  volcanic  district. 

Denudation,  while  laying  bare  the  underground  mechanism  of  an  ancient 
volcano,  has  not  always  revealed  the  evidence  of  the  actual  structural  rela- 
tions of  the  rocks,  or  has  first  exposed  and  then  destroyed  it.  Sometimes 
a  mass  of  eruptive  rock  has  been  worn  down  and  left  in  such  an  isolated 
condition  that  its  connection  with  the  rest  of  the  volcanic  network  cannot 
be  determined.  So  far  as  its  position  goes,  it  might  perhaps  be  either  a 
remnant  of  a  lava-stream  or  the  projecting  part  of  some  deeper -seated 
protrusion.  But  its  texture  and  internal  structure  will  often  enable  a 
confident  opinion  to  be  expressed  regarding  the  true  relations  of  such  a 
solitary  mass. 

i.  Dykes  and  Veins 

For  the  study  of  these  manifestations  of  volcanic  energy,  the  British 
Isles  may  be  regarded  as  a  typical  region.  It  was  thence  that  the  word 
"  dyke  "  passed  into  geological  literature.  Thousands  of  examples  of  both 
dykes  and  veins  may  be  seen  from  the  Outer  Hebrides  southwards  across 
the  length  and  breadth  of  the  southern  half  of  Scotland,  far  into  the  north 
of  England  and  towards  the  centre  of  Ireland.     They  may  be  found  cut- 

^  \2th  Ann.  Rep.  U.S.  Geol.  Survey^  1890-91.  As  already  stated,  the  eruptions  of  this  volcanic 
centre  l>ecamc  progressively  more  acid,  and  tliis  change  api>ears  to  be  exhibited  by  the  extrusive 
lavas  as  well  as  by  the  intrusive  rocks. 
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ting  the  crests  of  the  mountains  and  extending  as  reefs  below  the  level  of 
the  sea.  They  are  thus  exposed  in  everj-  conceivable  divergence  of  position 
and  in  endless  varieties  of  enclosing  rock.  Moreover,  they  can  be  shown 
to  represent  a  vast  range  of  geolc^ical  time.  One  system  of  them  belongs 
to  sonic  remote  part  of  the  Archaean  periods,  another  is  as  young  aa  the 
older  Tertiary  ages. 

Full  details  regarding  these  interesting  relics  of  volcanic  activity  will 
be  given  in  later  chapters,  especially  in  Chapters  xxxiv.  and  xxxv.  It 
may  suffice  here  to  note  that  each  of  the  three  types  of  old  volcanoes  above 
described  has,  in  Britain,  its  accompaniment  of  dykes  and  veins.  The  plateaux, 
however,  present  by  far  the  most  abundant  and  varied  development  of  them. 
The  dykes  of  this  series  are  characterized  not  only  by  their  prodigious 
numbers  in  and  around  some  of  the  plateaux,  but  by  the  long  distances  to 
which  they  may  be  traced  beyond  these  limits.     They  are  chiefly  found  in 


connection  with  the  Tertiary  basalt -plateaux,  though  the  Carboniferous 
andesite-plateaux  present  a  feebler  display  of  them.  The  Tertiary  dykes 
are  pre-eminently  distinguished  by  their  persistent  rectilinear  lines,  some- 
times for  distances  of  many  miles,  and  tlieir  general  north-westerly  direc- 
tion. They  form  a  vast  system  extending  over  an  area  of  some  40,000 
square  miles.  Throughout  that  wide  region  their  persistence  of  direction 
and  of  petrographical  characters  point  to  the  former  existence  of  one  or 
more  reservoirs  of  an  andesitic  and  basaltic  magma  underneath  the  northern 
half  of  Britain,  and  to  the  rupture  of  the  crust  overlying  this  subterranean 
reservoir  by  thousands  of  parallel  fissures.  They  thus  constitute  perhaps' 
the  most  astonishing  feature  in  the  volcanic  history  of  Tertiary  time. 

The  dykes  and  veins  connected  with  the  puys  are  mainly  to  be  found  at 
or  close  to  the  vents.  Not  infrequently  they  traverse  the  agglomerates  of 
the  necks,  and  are  sometimes  to  be  traced  to  a  central  pipe  or  core  of 
basalt 

The  larger  cones  are  likewise  intersected  with  similar  vertical,  inclined 
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or  tortuously  irregular  walls  of  intruded  lava.  Occasionally  a  radiate 
arrangement  may  be  observed  in  such  cases,  like  that  noticeable  at  some 
modern  volcanoes,  the  dykes  diverging  from  the  eruptive  centre. 

Many  dykes  exist  regarding  which  there  is  no  evidence  to  connect 
them  with  any  actual  volcanic  rocks.  They  have  been  injected  into  fissures, 
but  whether  this  took  plac^  during  volcanic  paroxysms,  or  owing  to  some 
subterranean  movements  which  never  culminated  in  any  eruption,  cannot  be 
decided. 

The  question  of  the  age  of  dykes,  like  that  of  intrusive  masses  of  all 
kinds,  is  often  difficult  or  impossible  to  decide.  A  dyke  must  of  course  be 
younger  than  the  rocks  which  it  traverses,  and  a  limit  to  its  antiquity  is  thus 
easily  fixed.  But  we  cannot  always  a  (firm  that  because  a  dyke  stops  short 
of  a  particular  rock,  or  series  of  rocks,  it  is  older  than  these.  The  Hett 
Dyke,  in  the  north  of  England,  rises  through  the  Coal-measures,  but  stops 
at  the  Magnesian  Limestone ;  yet  this  cessation  does  not  necessarily  imply 
that  the  dyke  was  in  place  before  the  deposition  of  that  limestone.  The 
structure  may  have  arisen  from  the  dyke-fissure  having  ended  at  the  bottom 
of  the  limestone.  Where  dykes  rise  up  to  the  base  of  an  unconformable 
formation  without  in  any  single  case  entering  it,  and  where  fragments  of 
them  are  enclosed  in  that  formation,  they  must  be  of  higher  antiquity,  and 
must  have  been  laid  bare  by  extensive  denudation  before  the  unconformable 
strata  were  deposited  upon  them.  The  great  system  of  dykes  in  the  Lewisian 
Gneiss  of  the  north-west  of  Scotland  is  in  this  way  proved  to  be  much  more 
ancient  than  the  Torridon  Sandstones  under  which  it  passes  (Figs.  35,  36). 

Where  two  dykes  cross  each  other,  it  is  sometimes  not  difficult  to  decide 
upon  their  relative  antiquity.  In  intrusive  rocks,  the  finest-grained  parts 
are  those  which  lie  nearest  the  outer  margin,  where  the  molten  material  was 
rapidly  chilled  by  coming  in  contact  with  cool  surfaces  of  rock.  Such 
** chilled  margins"  of  closer  grain  are  common  characteristics  of  dykes. 
Wherever  a  dyke  carries  its  chilled  margin  across  another  dyke,  it  must  be 
the  younger  of  the  two,  and  wherever  such  a  margm  is  interrupted  by 
another  dyke,  it  must  belong  to  the  older. 

As  a  rule,  the  uprise  of  molten  material  in  a  fissure  has  so  effectually 
sealed  it  up  that  in  the  subsequent  disturbances  of  the  terrestrial  crust  the 
fissure  has  not  been  reopened,  though  others  may  have  been  produced  near 
it,  or  across  it.  Sometimes,  however,  the  enormous  tension  to  which  the 
crust  was  exposed  opened  the  fissure  once  more,  sometimes  even  splitting 
a  dyke  along  its  centre,  and  a  new  ascent  of  molten  rock  took  place  within 
the  rent.  Hence  double  or  treble  or  compoimd  dykes  have  been  produced. 
The  second  or  later  infiUings  are  generally  somewhat  different  from  the 
original  dyke.  Occasionally,  indeed,  they  present  a  strong  contrast  to  it. 
Thus,  among  the  dykes  of  Skye  examples  occur  where  the  centre  is  occupied 
by  an  acid  granophyre,  while  the  sides  are  occupied  by  dykes  of  basalt. 
Instances  of  this  compound  type  of  dyke  will  be  given  in  the  account  of 
the  Tertiary  volcanic  rocks  of  Britain. 

It  is  obvious  that  in  a  wide  fissure  the  central  portion  may  remain 

VOL.  I  G 


82  SUBTERRANEAN  VOLCANIC  ACTION  book  i 


molten  for  some  time  after  the  sides  have  consolidated.  If  the  fissure 
served  as  a  channel  for  the  ascent  of  lava  to  the  surface,  it  is  conceivable 
that  the  central  still  fluid  part  might  be  driven  out  and  be  replaced  by 
other  material  from  below,  and  that  this  later  material  might  differ  con- 
siderably in  composition  from  that  which  first  filled  the  opening.  Such, 
according  to  Mr.  Iddings,  has  been  the  probable  history  of  some  of  the 
dykes  at  the  old  volcano  of  Electric  Peak.^  But  we  can  hardly  suppose 
that  this  explanation  of  compound  dykes  can  have  any  wide  application.  It 
could  only  hold  good  of  broad  fissures  having  an  outlet,  and  is  probably 
inadmissible  in  the  case  of  the  numerous  compound  dykes  not  more  than 
10  or  15  feet  in  diameter,  where  the  several  bands  of  rock  are  sharply 
marked  off  from  each  other.  The  abrupt  demarcation  of  the  materials  in 
these  dykes,  their  closer  texture  along  their  mutual  boundaries,  the  in- 
dications of  solution  of  the  older  parts  of  the  group  by  the  younger,  and  of 
injection  of  the  latter  into  the  former,  show  that  they  belong  to  separate  and 
unconnected  intrusions.  These  questions  will  be  again  referred  to  in  the 
account  of  the  British  Tertiary  dykes  (Chapter  xxxv.  vol.  ii.  p.  159). 

Another  kind  of  compound  dyke  has  arisen  from  the  manner  in  which 
the  original  fissure  has  been  produced.  While,  in  general,  the  dislocation 
has  taken  the  form  of  a  single  rectilinear  rent,  which  on  opening  has  left 
two  clean-cut  walls,  cases  occur  where  the  rupture  has  followed  several 
parallel  lines,  and  the  magma  on  rising  into  the  rents  appears  as  two  or 
more  vertical  sheets  or  dykes,  separated  by  intervening  partitions  of  the  sur- 
lounding  rock.  Examples  of  this  structure  are  not  infrequent  among  the 
Tertiary  dykes  of  Scotland.  One  of  these  may  be  noticed  rising  through 
the  cliffs  of  Lewisian  gneiss  on  the  east  coast  of  the  island  of  Lewis, 
south  of  Stomoway.  One  of  the  most  extraordinary  instances  of  the  same 
structure  yet  observed  is  that  described  by  Professor  A.  C.  Lawson  from  the 
Laurentian  rocks  at  the  mouth  of  White  Gravel  Eiver,  on  the  N.E. 
coast  of  Lake  Superior.  In  a  breadth  of  only  about  14  feet  no  less  than 
28  vertically  intrusive  sheets  or  dykes  of  diabase,  from  1  inch  to  6|- 
inches  broad,  rise  through  the  granite,  which  is  thus  split  into  27  thin 
sheets.  The  diabase  undoubtedly  cuts  the  granite,  some  of  the  sheets 
actually  anastomosing  and  sending  veins  into  the  older  rock.^ 

From  the  evidence  supplied  by  the  modern  eruptions  of  Iceland,  it  is 
evident  that  gaping  fissures,  which  are  filled  by  ascending  lava  and 
thereby  converted  into  dykes,  in  many  instances  serve  as  channels  by 
which  molten  rock  escapes  to  the  surface.  It  would  be  interesting  if 
any  test  could  be  discovered  whereby  those  dykes  could  be  distinguished 
which  had  ever  established  a  connection  with  the  outer  air.  If  the  lava 
continued  to  ascend  in  the  fissures,  and  to  pour  out  in  superficial  streams 
for  a  long  time,  the  rocks  on  either  side  would  be  likely  to  undergo 
considerably  more  metamorphism  than  where  there  was  only  one  rapid 
injection  of  the   magma,  which  would  soon  cool.     Possibly  in  the  much 

^  Vlih  Ann.  Rep,  U.S.  Gcol.  Survey  (1890-91),  p.  687. 
'•*  American  Geologic  (1894),  p.  293. 
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greater  alteration  of  the  same  rocks  by  some  dykes  than  by  others,  a  sign  of 
such  a  connection  with  the  surface  may  survive.  This  subject  will  be  again 
referred  to  in  the  account  of  the  Tertiary  dykes  of  Britain  in  Book  VIII., 
where  the  whole  of  the  phenomena  of  this  phase  of  volcanic  action  will  be 
fully  discussed  (see  vol.  ii.  p.  163). 


ii  Sills  and  Laccolites 

The  word  "  sill,"  derived  from  a  remarkable  sheet  of  eruptive  rock  in  the 
north  of  England,  known  as  the  Great  Whin  Sill  (Chapter  xxix.),  is  now 
applied  as  a  convenient  general  term  to  masses  of  intrusive  material,  which 
have  been  injected  between  such  divisional  planes  as  those  of  stratification, 
and  which  now  appear  as  sheets  or  beds  (Fig.  33).  These  masses  are  like- 
wise called  Intrusive  Sheets,  and  where  the  injected  material  has  accumulated 
in  large  blister-like  expansions,  these  are  known  as  laccolites  (Fig.  34). 

Sills  vary  from  only  an  inch  or  two  up  to  500  feet  or  more  in  thickness. 
Lying,  as  they  frequently  do,  parallel  with  strata  above  and  below  them, 
they  resemble  in  some  respects  true  lava-sheets  erupted  contemporaneously 


Fig.  33. — Section  of  Sill  or  Intrusive  Sheet. 

with  the  series  of  sediments  among  which  they  are  intercalated.  And, 
indeed,  cases  occur  in  which  it  is  hardly  possible  to  decide  whether  to  regard 
a  given  mass  as  a  sill  or  as  a  superficial  lava.  In  general,  however,  sills 
exhibit  the  coarser  texture  above  referred  to  as  specially  characteristic  of 
subterranean  eruptive  masses.  Moreover  they  are  usually,  though  not 
always,  free  from  the  vesicular  and  amygdaloidal  structures  of  true  surface- 
lavas.  Their  under  and  upper  surfaces,  unlike  the  more  scoriaceous  parts  of 
lavas,  are  commonly  much  closer  in  grain  than  the  general  body  of  the 
mass ;  in  other  words,  they  possess  chilled  bordei*s,  the  result  of  more  rapid 
consolidation  by  contact  with  cooler  rock.  Again,  instead  of  conforming  to 
the  stratification  of  the  formations  among  which  they  lie,  as  truly  inter- 
stratified  lavas  do,  they  may  be  seen  to  break  across  the  bedding  and  pursue 
their  course  on  a  higher  or  lower  platform.  The  strata  that  overlie  them, 
instead  of  enclosing  pieces  of  them  and  wrapping  round  irregularities  on 
their  surface,  as  in  the  case  of  contemporaneously  erupted  lava-sheets,  are 
usually  indurated,  sometimes  even  considerably  altered,  while  in  many  cases 
they  are  invaded  by  veins  from  the  eruptive  sheet,  or  portions  of  them  are 
involved  in  it,  and  are  then  much  hardened  or  metamorphosed. 

The  petrographical  character  of  the  sills  in  a  volcanic  district  depends 
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primarily  on  the  coustitution  of  the  parent  magma,  whence  both  they  and  the 
outflowing  lavas  have  issued.  Where  the  lavas  are  rhyolites  or  felsites  the 
sills  are  acid,  where  basalts  have  been  erupted  the  sills  are  basic,  though 
there  has  often  been  a  tendency  towards  the  appearance  of  more  acid 
material,  such  as  trachyte.  As  we  have  seen,  considerable  differences  in 
petrographical  characters  may  arise  between  the  intnisive  and  extrusive 
offshoots  from  the  same  parent  magma  during  the  course  of  a  volcanic 
cycle.  This  question  will  be  more  appropriately  discussed  together  with 
the  leading  characters  of  Bosses. 

Between  the  upper  and  under  surface  of  a  thick  sill  considerable  petro- 
graphical variation  may  sometimes  be  observed,  especially  where  the  rock  is 
of  basic  constitution.  Differences  both  of  texture  and  even  to  some  extent 
of  composition  can  be  detected.  Sometimes  what  have  been  called  "  segre- 
gation veins"  traverse  the  mass,  consisting  of  the  same  minerals  as  the 
general  body  of  the  rock,  but  in  larger  crystals  and  in  somewhat  different 
proportions.  That  these  veins  belong  to  the  period  of  original  consolidation 
appears  to  be  shown  by  the  absence  of  fine-grained,  chilled  margins,  and  by 
the  way  in  which  the  component  crystals  of  the  veins  are  interlocked  witli 
those  of  the  body  of  the  rock.  Other  veins  of  finer  grain  and  more  acid 
composition  probably  belong  to  a  later  phase  of  consolidation,  when,  after 
the  separation  and  crystallization  of  the  more  basic  minerals,  the  more  acid 
mother  liquor  that  remained  was,  in  consequence  of  terrestrial  movements, 
injected  into  cracks  in  the  now  solidified,  though  still  highly  heated,  rock. 
Examples  of  these  features  will  be  cited  from  various  geological  formations 
in  the  following  chapters. 

Reference  has  already  been  made  to  the  difference  occasionally  perceptible 
between  the  constitution  of  the  upper  and  that  of  the  under  portions  of  super- 
ficial lavas.  A  similar  variation  is  sometimes  strongly  marked  among  sills, 
especially  those  of  a  basic  character,  the  felspars  remaining  most  abundant 
above,  while  the  olivines  and  augites  preponderate  below.  Mr.  Iddings  has 
observed  some  excellent  illustrations  of  this  character  in  the  great  series  of 
sills  connected  with  the  volcanic  pipe  of  Electric  Peak  in  the  Yellowstone 
country.  ^  Some  examples  of  the  same  structure  will  subsequently  be  cited 
from  the  Carboniferous  volcanic  series  of  Central  Scotland. 

The  greatest  extreme  of  difference  which  I  have  observed  in  the  petro- 
graphical characters  of  any  group  of  sills  is  that  displayed  by  the  Tertiary 
gabbros  of  Skye.  These  rocks  occur  as  sheets  interposed  among  the  bedded 
basalts,  and  injected  between  each  other  in  such  a  manner  as  to  form  thick 
piles  of  rudely  stratified  sills.  They  possess  a  remarkable  banded  structure, 
due  to  the  aggregation  of  their  component  minerals  in  distinct  layers,  some 
of  which  are  dark  in  colour,  from  the  abundance  of  their  iron-ore,  pyroxene 
and  olivine ;  while  others  are  light-coloured,  from  the  predominance  of  their 
felspar.  From  the  manner  in  which  the  component  minerals  of  one  band 
interlace  with  those  of  the  contiguous  bands,  it  is  quite  certain  that  the 

^  "Electric   Peak   and   Sepulchre  Mountain,"  VUh  Ann.  Hep,   U.S.  Qtol.  Survey  (1890-91), 
p.  584. 
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structure  is  not  due  to  successive  injections  of  material  among  already 
consolidated  rocks,  but  belongs  to  the  original  conditions  of  expulsion  of  the 
gabbro  as  a  whole.  It  seems  to  indicate  that  the  magma  which  supplied 
the  sills  was  at  the  time  of  its  extrusion  heterogeneous  in  composition,  and 
that  the  banding  arises  from  the  simultaneous  or  rapidly  successive  protrusion 
of  different  portions  of  this  variously-constituted  magma.  The  details  of 
the  structure  will  be  described  in  the  general  account  to  be  given  of  the 
Tertiary  volcanic  rocks  (Chapters  xliii.  and  xliv.). 

Besides  such  visible  differences  in  the  composition  of  sills,  others  much 
less  obtrusive  may  occasionally  be  detected  with  the  aid  of  microscopic  or 
chemical  research.  The  outer  parts  of  some  sills  are  thus  discovered  to  l^e 
more  basic  or  more  acid  than  the  inner  portions.  Or  evidence  may  be 
obtained  pointing  to  the  probable  melting  down  of  surrounding  rocks  by 
the  erupted  magma,  with  a  consequent  local  change  in  the  chemical  and 
mineralogical  constitution  of  the  mass. 

In  regard  to  their  position  in  the  geological  structure  of  an  old  volcanic 
district  I  may  here  remark  that  sills,  seldom  entirely  absent,  are  more 
especially  developed  either  among  the  rocks  through  which  the  volcano  has 
driven  its  vent,  or  about  the  base  of  the  erupted  lavas  and  tuffs.  Many 
illustrations  of  this  distribution  will  be  described  from  the  various  volcanic 
areas  of  Britain  belonging  to  Palaeozoic  and  Tertiary  time.  At  the  base  of 
the  great  Cambrian  and  Lower  Silurian  volcanic  series  of  Merionethshire, 
sills  are  admirably  developed,  while  among  the  basaltic  eruptions  which  closed 
the  long  volcanic  record  in  the  north  of  Ireland  and  the  Inner  Hebrides, 
they  play  a  notable  part. 

From  the  frequent  place  which  sills  take  at  the  base  of  a  volcanic  series, 
it  may  be  inferred  that  they  generally  belong  to  a  late  phase  in  the  history 
of  an  eruptive  episode  or  cycle,  when  the  orifices  of  discharge  had  become 
choked  up,  and  when  the  volcanic  energy  found  an  easier  passage  laterally 
between  the  strata  underneath  the  volcanic  pile  or  between  the  sheets  of 
that  pile  itself,  than  upward  through  the  ever-increasing  thickness  of  ejected 
material. 

While  there  is  an  obvious  relation  between  most  sills  and  some  eruptive 
centre  in  their  neighbourhood,  cases  occur  in  which  no  trace  of  any  contem- 
poraneous volcano  can  be  found,  but  where  the  intrusive  sheet  remains  as  the 
sole  evidence  of  the  movements  of  the  subterranean  magma.  The  Great 
Whin  Sill,  one  of  the  most  extensive  intrusive  sheets  in  the  British  Isles,  is  an 
instance  of  this  kind.  Though  this  large  mass  of  injected  material  can  be 
traced  for  a  distance  of  about  80  miles,  and  though  the  strata  beneath  and 
above  it  are  well  exposed  in  innumerable  sections,  no  evidence  has  yet  been 
detected  to  show  that  it  was  connected  with  any  vent  that  formed  a  volcano 
at  the  surface  (see  vol.  ii.  p.  2).  The  absence  of  this  evidence  may,  of 
course,  arise  from  the  failure  of  denudation  to  uncover  the  site  of  the  vent, 
which  may  possibly  still  remain  buried  under  the  Carboniferous  strata  that 
overlie  the  sill  towards  the  south-east.  But  it  may  be  due  to  the  non-exist- 
ence of  any  such  vent.     We  can  quite  conceive  that  volcanic  energy  should 
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Bometimes  have  failed  to  complete  the  formation  of  an  actual  volcano. 
Aided  by  aubterranean  movements,  it  might  have  been  potent  enough 
to  disrupt  the  lower  parts  of  the  terrestrial  crust,  to  propel  the  molten 
magma  into  fissures,  even  to  inject  it  for  many  miles  between  the  planes 
of  stratification,  wliich  wotdd  be  lines  of  least  resistance,  and  yet  in  default 
of  available  rents,  might  have  been  unable  to  force  its  way  through  the 
upper  layers  and  so  reach  the  surface.  Examples  of  such  incompleted 
volcanoes  are  perhaps  to  be  reci^ized  among  solitary  sills,  which  not  in- 
frequently present  themselves  in  the  geological  structure  of  Britain.  But 
the  positive  decision  of  this  question  is  almost  always  frustrated  by  the 
imperfection  of  the  evidence,  and  the  consequent  possibility  that  a  connected 
vent  may  still  lie  concealed  under  overlying  strata. 

Besides  the  more  usuEtl  intrusions  of  molten  material  in  the  form  of  sheets 
of  which  the  vertical  thickness  bears  but  a  small  proportion  to  the  horizouttd 
extent,  there  occur  also  lai^  and  thick  cakes  of  intruded  material  in  which 
the  vertical  thickness  may  approach,  or  perhaps  even  surpass,  the  horizontal 
diameter.  These  dome-shaped  or  irregular  expansions  form  a  connecting 
link  between  ordinary  sills  and   the  bosses  to  be  subsequently  described. 


Fiii.  34.— Ideal  »ei;tiou  of  three  UccoUtes.     (AfUr  Mr.  Gilbert.) 

They  have  received  the  name  of  Laccolites  from  Mr,  G,  K,  Gilbert,  who  worked 
out  this  peculiar  type  of  structure  in  the  case  of  the  Henry  Mountains  in 
southern  Utah'  (F^.  34).  The  same  type  baa  since  been  found  distributed 
over  Arizona  and  Colorado,  and  it  has  been  rec<^ized  &s  essentially  that  of 
many  eruptive  masses  or  bosses  in  all  parts  of  the  world. 

In  Western  America,  owing  in  large  measure  to  the  previously  un- 
disturbed condition  of  the  sedimentary  formations,  the  relations  of  the  injected 
igneous  material  to  these  formations  can  be  satisfactorily  ascertained.  The 
geological  structure  of  the  various  isolated  laccolites  thus  clearly  presented, 
helps  to  explain  the  structure  of  other  intrusive  bodies  which,  having 
been  injected  among  plicated  and  dislocated  rocks,  do  not  so  readily  admit 
of  interpretation. 

'  "Geology  of  the  Henry  Mountoina,"  U.S.  Grog,  and  GtoL  Survey  of  the  Rocky  Moun- 
tain Hcgioii,  1877.  For  a  revien'  of  the  whole  subject  of  lacuolites  in  Western  America  see  a 
paper  by  Mr.  Whitman  Grose,  in  the  Uth  Annuai  Keporlof  Ikt  JJirtctor.o/  tie  U.S.  Oealogicai 
Survey,  1862-93  (pub.  1895),  p.  157. 
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In  Colorado,  Utah  and  Arizona  the  eruptive  magma,  usually  a  poi-phy- 
rite,  diorite  or  quartz-porphyry,  has  risen  in  one  or  more  pipes,  and  has  then 
intruded  itself  laterally  between  the  planes  of  the  sedunentary  formations 
which,  over  the  centre  of  intrusion,  have  been  pushed  upward  into  a  vast  dome- 
shaped  or  blister-like  elevation.  The  horizon  on  which  this  lateral  and 
vertical  expansion  of  the  intruded  material  took  place  would  seem  to  have 
lain  several  thousand  feet  below  the  surface.  It  ranges  from  the  Cambrian 
to  the  Tertiary  formations.  Subsequent  denudation  has  cut  down  the  up- 
raised mantle  of  sedimentary  layers,  and  has  revealed  more  or  less  of  the 
igneous  rock  underneath,  which  is  thus  allowed  to  protrude  and  to  be  affected 
by  atmospheric  erosion.  In  this  way,  wide  plains  of  horizontal  or  gently 
undulating  Secondary  and  Tertiary  strata  have  been  divei-sified  by  the 
appearance  of  cones,  detached  or  in  groups,  which  have  become  more  peaked 
and  varied  in  outline  in  proportion  as  their  original  sedimentary  covering 
has  been  removed  from  them.  The  largest  of  the  laccolitic  masses  in  the 
Henry  Mountains  is  about  7000  feet  deep  and  about  4  miles  in  diameter. 
Less  than  one-half  of  the  cover  of  overarching  strata  has  been  removed,  and 
denudation  has  cut  deeply  into  the  remaining  part. 

That  the  type  of  structure,  so  well  exhibited  among  the  Henry 
Mountains,  has  not  been  more  abundantly  recognized  elsewhere  probably 
arises  from  the  fact  not  that  it  is  rare,  but  that  the  conditions  for  its 
development  are  seldom  so  favourable  as  in  Western  America.  Obviously 
where  stratified  rocks  have  been  much  disturbed,  they  cease  to  furnish 
definite  or  regular  platforms  for  the  reception  of  eruptive  material,  and  to 
afford  convenient  datum-lines  for  estimating  what  was  probably  the  shape 
of  the  intruded  magma.  We  may  believe  that  the  effect  of  the  propulsion 
of  eruptive  material  is  usually  to  upheave  the  overlying  crust,  and  thus  to 
give  rise  to  a  laccohtic  form  of  intrusion.  The  upheaval  relatively  to  the 
surrounding  country  will  be  apt  to  be  practically  permanent,  the  intruded 
body  of  rock  being  welded  to  the  surrounding  formations,  and  forming  in  this 
way  a  solid  and  resisting  core  directly  united  by  pipes  or  funnels  with  the 
great  magma-reservoii*  underneath.  On  the  other  hand,  where  the  molten 
rock,  instead  of  consolidating  underground,  has  been  copiously  discharged  at 
the  surfece,  its  emission  must  tend  towards  the  production  of  cavernous 
spaces  within  the  crust.  The  falling  in  of  the  roofs  of  such  caverns 
will  give  rise  to  shocks  of  earthquakes.  Subsequent  uprisings  of  the 
magma  may  fill  these  spaces  up,  and  when  the  rock  has  solidified  in  the 
form  of  laccolites  or  bosses,  it  may  effectually  put  an  end  there  to  further 
eruptions. 

Some  contact  metamorphism  may  be  observed  along  the  upper  and  under 
surfaces  of  large  sills.  The  rocks  over  the  American  laccolites  have  some- 
times been  highly  altered.  But  as  the  change  is  the  same  in  kind  as  that 
attendant  upon  Bosses,  though  generally  less  in  degree,  it  will  be  considered 
with  these  intrusive  masses.  The  problems  in  terrestrial  physics  suggested 
by  the  intrusion  of  such  thick  and  persistent  masses  of  eruptive  material  as 
those  which  form  sills  and  laccolites  will  likewise  be  discussed  in  connection 
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with  the  mechanism  of  the  remaining  intrusive  masses  which  have  now  to 
be  described. 

iii.  Bosses  (Stocks,  Culots) 

The  term  Boss  has  been  applied  to  masses  of  intrusive  rock  which  form 
at  the  surface  rounded,  craggy  or  variously -shaped  eminences,  ha\4ng  a 
circular,  elliptical  or  irregular  ground-plan,  and  descending  into  the  terrestrial 
crust  with  vertical  or  steeply-inclined  sides  (Fig.  28).  Sometimes  they  can 
be  seen  to  have  pushed  the  surrounding  rocks  aside.  In  other  places  they 
seem  to  occupy  the  place  of  these  rocks  through  which,  as  it  were,  an 
opening  has  been  punched  for  the  reception  of  the  intrusive  material. 

Occasionally,  more  especially  in  the  case  of  large  bosses,  like  those  in 
which  granite  so  frequently  appears,  the  eruptive  mass  may  be  observed  to 
rise  here  and  there  in  detached  knobs  through  the  surrounding  rocks,  or  to 
enclose  patches  of  these,  in  such  a  manner  as  to  indicate  that  the  large  body 
of  eruptive  material  terminates  upward  in  a  very  irregular  surface,  of  which 
only  the  more  prominent  parts  project  through  the  cake  of  overlying  rocks. 
In  true  bosses,  unlike  sills  or  laccolites,  we  do  not  get  to  any  bottom  on 
which  the  eruptive  material  rests.  Laccolites,  indeed,  may  be  regarded  as 
intermediate  between  the  typical  sill  and  the  typical  boss.  The  difference 
between  a  laccolite  and  a  boss  lies  in  the  fact  that  the  body  of  the  laccolite 
does  not  descend  into  an  unknown  depth  in  the  crust,  but  lies  upon  a 
platform  on  which  it  has  accumulated,  the  magma  having  ascended  by  one 
or  more  ducts,  which  generally  bear  but  a  small  proportion  in  area  to  the 
mass  of  the  laccolite.  The  boss,  on  the  other  hand,  is  not  known  to  lie  on 
any  horizon,  nor  to  proceed  from  smaller  ducts  underneath,  but  plunges  as  a 
great  pillar  or  irregular  mass,  which  may  frequently  be  noticed  to  widen  down- 
wards into  the  crust.  There  can  be  no  doubt,  however,  that  many  masses  of 
eruptive  rock,  which,  according  to  the  definition  here  given,  should  be  called 
bosses,  would  be  found  to  be  truly  laccolites  if  their  structure  below  ground 
could  be  ascertained.  It  is  obvious  that  our  failure  to  find  any  platform 
on  which  the  body  of  a  boss  lies,  may  arise  merely  from  denudation  having 
been  as  yet  insufficient  to  lay  such  a  platform  bare.  It  is  hardly  probable 
that  a  boss  several  miles  in  diameter  should  descend  as  a  column  of  that 
magnitude  to  the  magma-reserv^oir  from  which  its  material  came.  More 
probably  it  has  been  supplied  through  one  or  more  smaller  ducts.  The  large 
boss  now  visible  at  the  surface  may  thus  be  really  a  laccolitic  expansion  on 
one  or  more  horizons.  M.  Michel  L(5vy  lays  stress  on  the  general  widening 
of  granitic  bosses  as  they  descend  into  tlie  crust.^  While  his  observations 
are  supported  by  many  illustrations  from  all  parts  of  the  globe,  and 
are  probably  true  of  the  deeper-seated  masses  of  granite,  it  is  no  less 
true  that  numerous  examples  have  been  met  with  where  a  granite  boss  is 
sharply  marked  off  from  the  rocks  which  it  has  invaded  and  on  which  it  may 

^  M.  Michel  Levj-,  Bull.  Caii/i  Giol.  Frantic,  No.  35,  tome  v.  (1893),  p.  32.  Tlie  view  stated 
in  the  text  is  also  that  adopted  by  Prof.  Brogger  with  reference  to  the  granite  of  the  Christiania  dis- 
trict.    **  Die  Eniptivgesteinc  des  Kristianiagebietes." 
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be  seen  to  lie.  Apart  from  the  cases  where  granite  seems  to  form  part  of  a 
vast  internal,  once  molten  mass,  into  which  its  encircling  gneisses  seem 
to  graduate,  there  are  others  in  which  this  rock,  as  now  visible,  has  been 
injected  into  the  crust  as  a  boss  or  as  a  laccolite.  Instances  will  be  described 
in  later  chapters  where  such  bosses  have  risen  through  Cambrian,  Silurian, 
Devonian  and  Carboniferous  formations.  It  may  be  said  that  between  such 
granitic  intrusions  and  volcanic  operations  no  connection  can  be  traced.  But 
reasons  will  be  brought  forward  in  later  chapters  to  regard  some  of  the 
granitic  bosses  as  parts  of  the  mechanism  of  Palaeozoic  volcanoes.  It  will 
also  be  shown  that  among  the  intrusive  rocks  of  the  Tertiary  volcanic  series 
of  Britain  there  occur  bosses  of  truly  gi-anophyric  and  granitic  material. 
Hence,  though  mainly  what  is  called  a  "  plutonic  "  rock,  granite  has  made 
its  appearance  among  the  subterranean  protrusions  of  volcanoes. 

It  is  no  doubt  true  that  many  intrusive  masses,  which  must  be  included 
under  the  general  name  of  bosses,  have  probably  had  no  connection  what- 
ever with  volcanic  action  properly  so  called.  They  are  plutonic  injections, 
that  is,  portions  of  the  subterranean  magma  which  have  been  intruded  into 
the  terrestrial  crust  during  its  periods  of  disturbance,  and  have  not  been 
accompanied  with  any  superficial  discharges,  which  are  essential  in  truly 
volcanic  energy.  It  has  been  proposed  to  draw  a  distinction  between  such 
deep-seated  intrusions  and  those  which  represent  volcanic  funnels.^  If  this 
were  always  practicable  it  would  certainly  be  desirable.  But  the  distinction  is 
not  one  that  can  in  every  case  be  satisfactorily  drawn.  Even  in  regard  to 
granitic  bosses,  which  may  generally  be  assumed  to  l)e  plutonic  in  origin, 
the  British  examples  just  referred  to  have  in  all  likelihood  been  connected 
with  undoubted  volcanic  outbursts.  Without,  therefore,  attempting  here  to 
separate  the  ob\dously  volcanic  necks  of  eruptive  material  from  the  probably 
plutonic  bosses,  I  propose  to  describe  briefly  the  general  characters  of  bosses 
considered  as  a  group  of  intrusive  rocks,  together  with  the  phenomena 
which  accompany  them,  and  the  conditions  under  which  they  may  have 
been  injected. 

Bosses,  whether  of  plutonic  or  volcanic  origin,  are  frequently  not  merely 
single  masses  of  eruptive  rock,  but  are  accompanied  with  a  system  of  dykes 
and  veins,  some  of  which  can  be  traced  directly  into  the  parent-mass,  while 
others  traverse  it  as  well  as  the  surrounding  rocks.  Hence  the  historj^  of  a 
boss  may  be  considerably  more  complex  than  the  external  form  of  the  mass 
might  suggest. 

The  petrographical  characters  of  bosses  link  them  with  the  other  under- 
ground injections  of  igneous  material,  more  especially  with  sills  and  laccolites. 
Indeed,  on  mere  lithological  grounds  no  satisfactory  line  coidd  be  drawn 
between  these  various  forms  of  intrusive  rocks.  The  larger  the  mass  the 
more  coarsely  crystalline  it  may  be  expected  to  be.  But  the  whole  range 
of  structure,  texture  and  composition,  from  those  of  the  narrowest  vein  to 
those  of  the  widest  boss,  constitutes  one  connected  series  of  gradations. 

Acid,  intermediate  and  basic  rocks  are  abundantly  displayed  among  the 

»  M.  Michel  L^?y,  BmU.  Carte  GioL  France,  No.  35,  tome  v.  (1893). 
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bosses.  Huge  masses  of  granite,  granophyre,  quartz -porphyry,  felsite  or 
rhyolite,  represent  the  acid  series.  Intermediate  varieties  consist  of  trachyte, 
phonolite,  diorite,  andesite  or  other  rock.  The  basic  bosses  include  varieties 
of  gabbro,  dolerite,  basalt,  picrite,  and  other  compounds. 

In  a  boss  of  large  size,  a  considerable  range  of  texture,  composition  and 
structure  may  often  be  observed.  The  rock  is  generally  much  coarser  in 
grain  than  that  of  thin  sills  or  dykes.  Sometimes  it  exhibits  a  finer  texture 
along  the  margin  than  in  the  centre,  though  this  variation  is  not  usucdly  so 
marked  as  in  sills  and  dykes.  The  rapidly-chilled  and  therefore  more 
close-textured  selvage  seems  to  have  been  developed  much  more  fully  in 
small  than  in  large  masses  of  eruptive  material  The  latter,  cooling  more 
slowly,  allowed  even  their  marginal  parts  to  retain  their  heat,  and  some- 
times perhaps  even  their  molten  condition,  longer  than  small  injections. 
Some  influence  must  also  have  been  exercised  by  the  temperature  of  the 
rocks  into  which  the  eruptive  material  was  intruded.  Where  this  tempera- 
ture was  high,  as  in  deep-seated  parts  of  the  crust,  it  would  allow  the 
intrusive  magma  to  cool  more  slowly,  and  thus  to  assume  a  more  coarsely 
crystalline  condition.  The  absence  of  a  close  grain  round  the  margins  of 
granitic  bosses  may  be  due  to  this  cause. 

But  a  much  more  important  distinction  may  be  traced  between  the 
central  and  marginal  parts  of  some  large  bosses  and  thick  sills.  I  have 
already  alluded  to  the  fact  that  while  the  middle  of  a  large  intrusive  mass 
may  be  decidedly  acid,  taking  even  the  form  of  granite,  the  outer  borders 
are  sometimes  found  to  be  much  more  basic,  passing  into  such  a  rock  as 
gabbro,  or  even  into  some  ultra-basic  compound.  Between  these  extremes  of 
composition  no  sharp  division  is  sometimes  discoverable,  such  as  might  have 
been  expected  had  the  one  rock  been  intruded  into  the  other.  The  differ- 
ences graduate  so  insensibly  into  each  other  as  to  suggest' that  originally 
the  whole  mass  of  the  rock  formed  one  continuous  body  of  eruptive  material. 
It  is  possible  that  in  some  cases  the  magma  itself  was  heterogeneous  at  the 
time  of  intrusion.^  But  the  frequency  of  the  distribution  of  the  basic 
ingredients  towards  the  outer  margin,  and  the  acid  towards  the  centre,  points 
rather  to  a  process  of  differentiation  among  the  constituents  of  the  boss 
before  consolidation.  In  some  instances  the  differentiation  would  appear 
to  have  taken  place  before  crystallization  to  any  great  extent  had  set  in, 
because  the  minerals  ultimately  developed  in  the  central  parts  differ  from 
those  at  the  sides.  In  other  cases,  the  transference  of  material  would  seem 
to  have  been  in  progress  after  the  component  minerals  had  crystallized  out 
of  the  magma,  for  they  are  the  same  throughout  the  whole  intrusive  mass, 
but  differ  in  relative  proportions  from  centre  to  circumference.^ 

As  illustrations  of  these  features  I  may  cite  two  good  examples,  one 
from  Scotland  and  one  from  England.       The  mass  of  Garabol  Hill,  in  the 

^  The  Tertiary  gabbros  of  tlie  Inner  Hebrides  have  already  been  cited,  and  will  be  more  fully 
described  in  a  later  chapter  as  exhibiting  the  heterogencousness  of  an  eruptive  magma. 

2  See  Messrs.  Dakyns  and  Teall,  QiiarL  Journ.  (}col.  Soc.  xlviii.  (1892),  p.  104  ;  Prof.  Brogger, 
op.  cit.  1.  (1894),  p.  15  ;  Mr.  A.  Marker,  op.  cit.  p.  320  ;  Prof.  Iddings,  Journ.  Geol.  Chicatjo,  i. 
(1893),  p.  833  ;  Bull.  Phil.  Soc.  Wa4ihington,  ii.  (1890),  p.  191  ;  1892,  p.  89. 
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Loch  Lomond  district,  consists  mainly  of  granite,  occupying  an  area  of  about 
12|-  square  miles.  Messrs.  Dakyns  and  Teall  have  shown  that  while  the 
central  portions  consist  of  granite,  the  south-eastern  margin  affords  a  remark- 
able series  of  intermediate  rocks,  such  as  homblende-biotite-granite,  tonalite 
(quartz-mica-diorite),  diorite  and  augite-diorite,  which  lead  us  outwards  into 
highly  basic  compounds,  including  wehrlites  (olivine-diallage  rocks),  picrites 
(olivine-augite  rocks),  serpentine  (possibly  representing  dunites,  saxonites, 
and  Iherzolites),  and  a  peculiar  rock  consisting  essentially  of  enstatite, 
diallage,  brown  hornblende  and  biotite.  The  authors  regard  the  whole  of 
these  widely  different  rocks  as  the  products  of  one  original  magma,  the  more 
basic  marginal  area  having  consolidated  first  as  peridotites,  followed  by 
diorites,  tonalites  and  granites  in  the  order  of  increasing  acidity.  The  most 
acid  rock  in  the  whole  series  consists  of  felspar  and  quartz,  is  almost  devoid 
of  ferro-magnesian  minerals,  and  occurs  in  narrow  veins  in  the  granite  and 
tonalite.  It  indicates  that  after  the  segregation  and  consolidation  of  the 
whole  boss,  ruptures  occurred  which  were  filled  in  by  the  ascent  of  the  very 
latest  and  most  acid  remaining  portion  of  still  fluid  magma.^ 

The  case  of  Carrock  Fell  in  Cumberland  has  been  described  by  Mr.  A. 
Harker,  who  has  ascertained  that  the  gabbro  of  this  boss  has  in  its  central 
portions  a  specific  gravity  of  less  than  2*85  and  a  silica-percentage  some- 
times as  high  as  59*46,  whilst  its  marginal  zone  gives  a  specific  gravity 
above  2*95  and  a  silica-percentage  as  low  as  32*50.  The  migration  of  the 
heavy  iron  ores  towards  the  margin  is  readily  apparent  to  the  naked  eye, 
and  is  well  established  by  chemical  analysis,  the  oxides  of  iron  amounting  in 
the  centre  to  6*24  (Fe,Oy3-60,  FeO  2*64),  and  at  the  margin  to  25*54 
(Fe2038-44,  FeOl7*10).^  Neither  in  this  instance  nor  in  that  of  Garabol 
Hill  has  any  evidence  been  noticed  which  would  suggest  that  the  basic  and 
acid  rocks  belong  to  different  periods  of  intrusion.  They  pass  so  insensibly 
into  each  other  as  to  form  in  each  case  one  graduated  mass. 

From  these  and  other  examples  which  have  been  observed,  it  is  difficult 
to  escape  the  conclusion  that  the  differences  between  the  basic  margin  and 
the  acid  centre  are  due  to  some  process  of  segregation  or  differentiation  while 
the  mass  was  still  in  a  liquid  condition,  and  its  constituents  could  pass  from 
one  part  of  the  boss  to  another.  According  to  Professor  Brogger,  it  may  be 
stated  as  a  general  law  that  differentiation  sets  in  during  consolidation, 
and  is  determined  by,  and  dependent  on,  the  laws  of  crystallization  in  a 
magma,  in  so  far  as  the  compounds  which,  on  given  conditions,  would  first 
crystallize  out,  diffuse  themselves  towards  the  cooling  margin  so  as  to  pro- 
duce in  the  contact-stratum  a  peculiar  chemical  composition  in  the  still 
liquid  material  before  crystallization  takes  place.^ 

If  during  the  process  of  differentiation,  and  before  consolidation,  injections 
of  the  magma  occur,  they  may  be  expected  to  differ  in  character  according 

^  Messrs.  Dakyns  ami  Teall,  Quart.  Jouni.  Gcol.  Soc.  xlviii/(1892),  p.  104. 
*•*  Mr.  A.  Harker,  op,  cit.  p.  320. 

*  This  general  conclusion  is  stated  by  Professor  Brogger  from  liis  investigation  of  the  rocks  of 
Gran,  Quart.  Joum.  GeoL  Soc.  1.  (1894),  p.  36. 
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to  the  portion  of  the  magma  from  which  they  are  derived.  Professor  Brogger 
believes  that  among  the  basic  eruptive  rocks  of  Gran  in  the  Christiania  dis- 
trict, one  and  the  same  magma  has  in  the  bosses  solidified  as  olivine-gabbro- 
diabases,  and  in  the  dykes  as  camptonites,  bostonites,  pyroxenites,  horn- 
blendites,  and  more  acid  augite-diorites.^ 

Various  opinions  have  been  propounded  as  to  the  cause  or  causes  of  this 
so-called  differentiation,  but  none  of  them  are  entirely  satisfactory.  We 
must  await  the  results  of  further  exploration  in  the  field  and  of  continued 
research  in  the  laboratory. 

What  appears  to  have  taken  place  within  a  subterranean  molten  magma 
which  has  been  propelled  into  the  earth's  crust  as  a  boss  or  laccolite,  with 
or  without  a  connected  system  of  dykes,  may  possibly  be  made  to  throw 
some  light  on  the  remarkable  changes  in  the  characters  of  lavas  successively 
erupted  from  the  same  vent  during  the  continuance  of  a  volcanic  cycle. 
Whether  or  not  any  such  process  of  differentiation  can  be  proved  to  take 
place  within  a  subterranean  volcanic  reservoir,  the  sequence  of  erupted  lavas 
bears  a  curious  resemblance  to  the  order  in  which  the  constituents  of  some 
large  bosses  succeed  each  other  from  margin  to  centre.  The  earliest  lavas 
may  be  of  an  intermediate  or  even  basic  character,  but  they  generally  tend 
to  become  more  acid.  Nevertheless  alternations  of  basic  and  acid  lavas 
which  have  been  noted  in  various  districts  would  seem  to  show  that  if  there 
be  a  process  of  differentiation  in  the  magma-basins,  it  is  not  regular  and 
continuous,  but  liable  to  interruption  and  renewal.  The  return  to  basic 
eruptions,  which  so  often  marks  the  close  of  a  volcanic  cycle,  is  likewise  not 
easily  explicable  on  the  supposition  of  continuous  differentiation. 

Where  no  sensible  evidence  of  differentiation  is  traceable  in  the  general 
body  of  a  large  intrusive  mass,  indications  that  some  such  process  has  there 
been  in  progress  are  perhaps  supplied  by  the  more  acid  dykes  or  veins, 
and  the  so-called  "  segregation  veins,"  which  have  been  already  alluded  to 
as  traversing  large  intrusive  masses.  Though  these  portions  differ  to  a 
greater  or  less  extent  in  texture  and  composition  from  the  main  substance 
of  the  boss,  the  differences  are  not  such  as  to  prevent  us  from  regarding  them 
as  really  parts  of  the  same  parent  magma.  The  veins,  which  are  more 
acid  than  the  rock  that  they  traverse,  may  be  regarded  as  having  emanated 
from  some  central  or  deeper-seated  part  of  a  boss,  which  still  remained  fluid 
after  the  marginal  or  upper  portion  had  consolidated  sufficiently  far  to  be 
capable  of  being  rent  open  during  subterranean  disturbance.  But  that  the 
mass,  though  coherent  enough  to  be  fissured,  still  remained  at  a  high  tem- 
perature, may  be  inferred  from  the  general  absence  of  chilled  edges  to  these 
veins.  The  evidence  of  differentiation  supplied  by  "  segregation  veins  "  has 
been  referred  to  in  the  case  of  Sills. 

The  study  of  the  petrographical  variations  in  the  constitution  of  large 
eruptive  bosses  has  a  twofold  interest  for  the  geologist.  In  the  first  place, 
it  affords  him  material  for  an  investigation  of  the  changes  which  a  volcanic 
magma  imdergoes  during  its  eruption  and  consolidation,  and  thereby  pro- 

'  Quart.  J  (Aim,  Geol.  Soc.  1.  (1894),  p.  35. 
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vides  him  with  some  data  for  an  elucidation  of  the  cause  of  the  sequence  of 
erupted  products  during  a  volcanic  cycle.  In  the  second  place,  it  yields  to 
him  some  interesting  analogies  with  the  structures  of  ancient  gneisses,  and 
thus  helps  towards  the  comprehension  of  the  origin  and  history  of  these 
profoimdly  difficult  but  deeply  fascinating  rocks. 

Bosses,  like  sills,  occur  in  the  midst  of  volcanic  sheets,  and  also  as  soli- 
tary protrusions.  Where  they  rise  amidst  interstratified  lavas  and  tuffs  they 
may  often  be  recognized  as  occupying  the  position  of  volcanic  vents.  They 
are  then  necks,  and  their  characters  in  this  connection  have  already  been 
given.  Where,  however,  as  so  frequently  happens,  they  appear  among  rocks 
in  which  no  trace  of  any  contemporaneous  volcanic  material  is  to  be  detected, 
their  relation  to  former  volcanic  activity  remains  uncertain. 

Of  this  doubtful  nature  some  of  the  most  notable  examples  are  supplied 
by  the  great  granitic  bosses  which  occur  so  frequently  among  the  older 
Palaeozoic  rocks  of  Britain.  The  age  of  these  can  sometimes  be  approximately 
fixed,  and  is  then  found  to  correspond  more  or  less  closely  with  some  vol- 
canic episode.  Thus  the  granite-bosses  of  Galloway,  in  the  south  of  Scotland, 
disrupt  Upper  Silurian  strata,  but  are  older  than  the  Upper  Old  Sandstone. 
Hence  they  probably  belong  to  the  period  of  the  Lower  Old  Eed  Sandstone, 
which  was  eminently  characterized  by  the  vigour  and  long  continuance  of 
its  volcanoes.  The  granite  of  Arran  and  of  the  Mourne  Mountains  can  be 
shown  by  one  luie  of  reasoning  to  be  younger  than  surrounding  Carboniferous 
formations,  by  other  arguments  to  be  probably  later  than  the  Permian  period, 
and  by  a  review  of  the  whole  evidence  to  form  almost  certainly  part  of  the 
volcanic  history  of  Tertiary  time. 

But  even  where  it  can  be  shown  that  the  uprise  of  a  huge  boss  of 
eruptive  material  was  geologically  contemporaneous  with  energetic  volcanic 
action,  this  coincidence  may  not  warrant  the  conclusion  that  the  boss  there- 
fore marks  one  of  the  volcanic  centres  of  activity.  Each  example  must  be 
judged  by  itself  There  have,  doubtless,  been  many  cases  of  the  intrusion 
of  molten  material  in  bosses,  as  well  as  in  sills,  without  the  establishment 
of  any  connection  with  the  surface.  Such  incompleted  volcanoes  have  been 
revealed  by  denudation  after  the  removal  of  a  great  thickness  of  superin- 
cumbent rock.  The  evidence  which  would  have  decided  the  question  to 
what  extent  any  of  them  became  true  volcanic  vents  has  thus  been  destroyed. 
We  can  only  reason  tentatively  from  a  careful  collation  of  all  the  facts  that 
are  now  recoverable.  Illustrations  of  this  kind  of  reasoning  will  be  fully 
given  in  subsequent  chapters. 

It  has  been  supposed  that  a  test  for  the  discrimination  of  a  subterranean 
protrusion  from  a  true  volcanic  chimney  may  be  found  in  the  condition  of 
the  surrounding  rocks,  which  in  the  case  of  the  prolonged  flow  of  molten 
matter  up  a  vent  would  be  likely  to  undergo  far  more  metamorphism  than 
would  be  the  case  in  the  injection  of  a  single  eruptive  mass.^  But,  as 
has  been  already  pointed  out,  no  special  or  excessive  metamorphism  of  the 
encircling  rocks  is   noticeable  around  many  vents.     There  is  certainly  no 

'  See,  for  example,  Mr.  Barker,  Quart.  Jouni.  (rcol.  Soc.  1.  (1894),  p.  329. 
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more  alteration  contiguous  to  numerous  true  necks  than  around  bosses,  which 
there  is  no  reason  to  suppose  ever  communicated  directly  with  the  surface, 
and  which  were  probably  the  result  of  a  single  intrusion.  We  must  always 
remember  that  the  denudation  which  has  revealed  these  bosses  has  generallv 
removed  the  evidence  of  their  upward  termination  and  of  their  possible 
connection  with  any  volcanic  ejections.  Many  of  them  may  mark  the  sites 
of  true  vents  from  which  only  single  eruptions  took  place.  The  opening  of 
a  volcanic  vent  does  not  necessarily  imply  a  prolonged  ascent  of  volcanic 
material.  In  a  vast  number  of  cases  the  original  eruption  was  the  first  and 
last  effort  of  the  volcano,  so  that  in  such  circumstances  there  seems  no  more 
reason  for  much  alteration  of  the  walls  of  the  chinmey  than  for  the  meta- 
morphism  of  the  rocks  round  a  boss,  laccolite,  sill  or  dyke. 

The  metamorphism  produced  by  intrusions  of  molten  material  upon  the 
rocks  with  which  they  have  come  in  contact  has  long  been  studied.  Its 
amount  varies  so  greatly  in  different  cases  that  the  conditions  on  which  it  has 
specially  depended  are  not  easily  determined.  Three  factors  have  obviously 
been  of  great  importance — first,  the  bulk  of  the  intruded  material ;  secondly, 
the  chemical  composition  and  lithological  texture  and  structure  of  the 
rocks  affected ;  and  thirdly,  the  constitution  and  temperature  of  the  in- 
vading magma. 

1.  It  is  clear  that  a  huge  boss  of  eruptive  material  will  be  likely  to 
effect  much  more  alteration  of  the  surrounding  rocks  than  a  small  boss,  sill 
or  dyke.  Its  initial  temperature  will  probably  be  higher  at  the  time  of  its 
assuming  its  final  place  than  that  of  the  same  material  after  it  has  found 
its  way  into  the  narrower  space  of  a  thin  sill  or  dyke.  It  will  likewise 
take  much  longer  to  cool.  Hence  the  influence  of  its  heat  and  its  vapours 
will  continue  to  act  long  after  those  of  the  dyke  or  sill  have  ceased  to 
manifest  themselves. 

2.  It  is  equally  evident  that  much  of  the  resultant  metamorphism  will 
depend  on  the  susceptibility  of  the  rocks  to  change.  An  obdurate  material 
such  as  pure  quartz-sand,  for  example,  will  resist  further  alteration  than 
mere  hardening  into  quartzite.  Shales  and  mudstones  may  be  indurated 
into  cherty  substances  of  various  textures.  Limestones  and  dolomites,  on 
the  other  hand,  may  become  entirely  crystalline,  and  may  even  have  new 
minerals,  such  as  garnet,  tremolite,  pyroxene,  etc.,  developed  in  them.  Hence 
in  comparing  the  amount  of  metamorphism  attendant  on  two  separate  bosses 
we  must  always  take  into  account  the  nature  of  the  rocks  in  which  it 
has  been  induced. 

3.  But  perhaps  the  most  effective  cause  of  variation  in  the  nature  and 
amount  of  contact  metamorphism  has  been  the  constitution  of  the  eruptive 
magma.  A  broad  distinction  may  be  drawn  between  the  alteration  pro- 
duced by  basic  and  by  acid  rocks.  The  intrusion  of  basic  material  has 
often  produced  singularly  little  change,  even  when  the  eruptive  mass  has 
been  of  considerable  size.  The  greatest  amount  of  alteration  is  to  be  found 
where  the  basic  boss  has  caught  up  and  enveloped  portions  of  the  surrounding 
rocks.      Thus  where   the  gabbro  of  Carrock   Fell   has   invaded   the  basic 
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Lower  Silurian  lavas  of  the  Lake  District,  the  enveloped  portions  of  the 
latter  show  considerable  modification.  Their  groundmass  becomes  darker 
and  more  lustrous,  the  felspars  assume  a  clearer  appearance  and  lose  some 
of  their  conspicuous  inclusions,  the  pyroxenic  constituents  are  converted 
into  pale  amphibole,  and  the  glassy  base  disappears.  At  the  actual  line  of 
contact  the  felspars  of  the  lavas  have  become  disengaged  from  their  original 
matrix,  which  seems  to  have  been  dissolved  and  absorbed  in  the  gabbro- 
magma.  Brown  mica  h6is  been  exceptionally  developed  in  the  altered  lava. 
At  the  same  time,  a  change  is  noticeable  in  the  character  of  the  gabbro 
itself  near  the  contact.  Brown  mica  is  there  to  be  seen,  though  not  a 
constituent  of  the  rock  elsewhere.  The  eruptive  material  has  incorporated 
the  basic  groundmass  of  the  lavas,  leaving  the  felspars  undissolved.^ 

Much  more  serious  are  the  changes  produced  by  intrusions  of  acid 
material,  though  here  again  the  metamorphism  varies  within  wide  limits, 
being  sometimes  hardly  perceptible,  and  in  other  cases  advancing  so  far  as 
to  convert  mere  sedimentary  material  into  thoroughly  crystalline  rocks. 
Small  sills  and  dykes  of  fekite  and  granophyre  may  produce  very  slight 
change  even  upon  shales  and  limestones,  as  may  be  seen  among  the  erup- 
tive rocks  of  Skye  and  Eaasay.  Large  bosses  of  granophyre,  and  still  more 
of  granite,  have  been  accompanied  with  the  most  extensive  metamorphism. 
Round  these  eruptive  masses  every  gradation  may  be  traced  among  sandy 
and  argillaceous  sediments,  until  they  pass  into  crystalline  mica -schists, 
which  do  not  appear  to  be  distinguishable  from  rocks  of  Archaean  age. 
Admirable  examples  of  this  extreme  alteration  may  be  observed  around  the 
great  granite  bosses  of  Galloway.^  Again,  among  calcareous  rocks  a  transi- 
tion may  be  traced  from  dull  grey  ordinary  fossiliferous  limestones  and 
dolomites  into  pure  white  crystalline  marbles,  full  of  crystals  of  tremolite, 
zoisite,  garnet  and  other  minerals.  The  alteration  of  the  fossiliferous  Cam- 
brian limestones  of  Strath  in  Skye  by  the  intrusive  bosses  of  Tertiary  granite 
well  illustrates  this  change.^ 

Without  entering  further  here  into  the  wide  subject  of  contact  meta- 
morphism, to  which  a  large  literature  has  now  been  devoted,  we  may  note 
the  eflTects  which  have  been  produced  in  the  eruptive  material  itself  by  its 
contact  with  the  surrounding  rocks.  Not  only  have  these  rocks  been 
altered,  but  very  considerable  modifications  have  likewise  taken  place  in  the 
active  agent  of  the  change. 

Sometimes  the  alteration  of  the  invading  material  has  been  effected 
without  any  sensible  absorption  of  the  mineral  constituents  of  the  rocks 
invaded.  This  appears  to  be  the  case  in  those  instances  where  sheets  of 
basalt,  intruded  among  coals  or  highly  carbonaceous  shales,  have  lost  their 
compact  crystalline  character  and  have  become  mere  clays.     In  the  coal- 

^  Mr.  Barker,  QuaH.  Joum.  Ged.  Soc.  vol.  1.  (1894),  p.  331. 

'  See  Explanation  to  Sheet  9  of  tlie  Gcolwfical  Survey  of  Scotland ,  p.  22  ;  Prof.  Bonney  and 
Mr.  Allport,  Proc.  Roy.  Soc.  xvi.  (1889) ;  Miss  Gardiner,  Quart.  Jnurn.  Geol.  Soc.  vol.  xlvi. 
(1890),  p.  569. 

'  Maoculloch,  Trans.  Geol.  Soc.  vol.  iii.  (1816),  p.  1  ;  I)cscri])f.ion  of  tlic  irestcrn  Islcs^  vol.  i. 
p.  822.     See  also  Quart.  Joum.  Geoi.  Soc.  vol.  xiv.  (1857),  p.  1  ;  and  vol.  xliv.  (1888),  p.  62. 
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fields  of  Britain,  where  many  examples  of  this  change  have  been  noted,  the 
igneous  material  is  known  as  *'  white  trap."  The  iron  oxides  have  been  in 
great  part  removed,  or,  together  with  the  lime  of  the  component  minerals, 
have  been  converted  into  carbonates.  Traces  of  the  original  felspar  crystals 
may  still  be  detected,  but  the  groundmass  has  been  changed  into  a  dull, 
earthy,  friable  and  decomposed  substance. 

Nearly  always,  however,  the  alteration  of  the  intrusive  magma  has 
resulted  from  the  incorporation  of  portions  of  the  surrounding  rocks. 
Reference  has  been  made  above  to  the  alteration  of  the  Carrock  Fell  gabbro 
by  the  absorption  of  some  of  the  basic  lavas  around  it.  But  still  more 
remarkable  is  the  change  produced  in  some  acid  rocks  by  the  incorporation 
of  basic  material  into  their  substance.  Professor  SoUas  has  described  in 
great  detail  a  remarkable  instance  of  this  effect  in  the  probably  Tertiary 
eruptive  rocks  of  the  Carlingford  district  in  the  north-east  of  Ireland. 
He  has  ascertained  that  the  eruptive  gabbro  of  that  district  is  older 
than  the  granite,  for  it  is  traversed  by  granophyre  dykes  which  enclose 
pieces  of  it.  The  gi*anophyre  dykes,  on  the  other  hand,  often  show  a 
lithoidal  or  chilled  margin,  which  is  not  visible  in  the  gabbro.  He  believes 
that  the  gabbro  is  not  only  older  than  the  acid  protrusions,  but  was 
already  completely  solid,  traversed  by  contraction-joints,  and  probably  frac- 
tured by  earth-movements,  before  the  injection  of  the  granophyric  material, 
which  at  the  time  of  its  intrusion  was  in  a  state  of  extreme  fluidity,  for  it 
has  found  its  way  into  the  minutest  cracks  and  crevices.  He  has  especi- 
ally studied  the  alteration  produced  by  the  granophyre  upon  the  enclosed 
pieces  of  basic  rock.  The  diallage,  isolated  from  the  other  constituents 
of  the  gabbro,  may  commonly  be  seen  to  have  broken  up  into  numerous 
granules,  like  the  augite  grains  of  basalt,  while  in  some  cases  biotite  and 
hornblende  have  been  developed  with  the  concomitant  excretion  of  mag- 
netite. Tfie  acid  rock  itself  has  undergone  considerable  modification  owing 
to  the  incorporation  of  basic  material  into  its  substance.  Professor  Sollas 
distinguishes  the  following  varieties  of  the  rock  : — Biotite-granophyre,  biotite- 
amphibole-granophyre,  augite-granophyre,  diallage-amphibole-augite-grano- 
phyre.^ 

Similar  phenomena  have  been  described  by  Mr.  Harker  as  occuiTing 
where  granophyre  has  invaded  the  gabbro  of  Carrock  Fell.^  The  same 
observer  has  more  recently  detected  some  interesting  examples  furnished 
by  injections  of  Tertiary  granophyre  in  the  agglomerates  of  Skye.  The 
acid  rock  is  roughly  estimated  by  him  to  have  taken  up  about  one-fourth  of 
its  bulk  of  gabbro  fragments.  He  has  investigated  the  minute  structure  of 
the  rock  thus  constituted,  and  has  been  able  to  recognize  the  augite  of  the 
original  gabbro,  in  various  stages  of  alteration  and  completely  isolated,  the 
other  minerals  having  been  dissolved  in  the  acid  magma.^ 

^   Trans.  Itoy.  Irish  Acad.  xxx.  (1894),  jmrt  xii.  p.  477. 

2  Quart.  Journ.  Geol.  Soc.  li.  (1895),  p.  183. 

^  Op.  cil.  lii.  The  metamorphism  produced  upon  fragments  of  different  kinds  of  foreign 
material  enclosed  within  vanous  igneous  rocks  has  in  recent  years  been  studied  in  great  detail  by 
Professor  Lacroix — Lea  Enclaves  des  Jiochcs  Volcaniqucs,  Macon,  1893. 
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It  is  not  easy  to  comprehend  the  conditions  under  which  large  masses 
of  molten  material  have  been  injected  into  the  crust  of  the  earth.  The  two 
main  factors  in  volcanic  action — terrestrial  contraction  and  the  energy  of  the 
vapours  in  the  magma — have  no  doubt  played  the  chief  part  in  the  process. 
But  the  relative  share  of  each  and  the  way  in  which  the  enormous  load  of 
overlying  rock  has  been  overcome  are  not  readily  intelligible. 

Let  us  first  consider  for  a  moment  the  pressure  of  the  superincumbent 
crust  under  which  the  injection  in  many  cases  took  place.  The  Whin  Sill 
of  England  may  serve  as  a  good  illustration  of  the  difiBculties  of  the  problem. 
This  notable  mass  of  intrusive  rock  has  been  forced  between  the  stratification 
planes  of  the  Carboniferous  Limestone  series  in  one,  or  sometimes  more  than 
one,  sheet.  It  stretches  for  a  horizontal  distance  of  not  less  than  80  miles 
with  an  average  thickness  of  between  80  and  100  feet.  From  the  area 
over  which  it  can  be  traced  its  total  extent  undergi'ound  must  be  at  least 
400  square  miles  (see  Chapter  xxix.). 

In  any  single  section  the  Whin  Sill  might  be  supposed  to  be  a  truly 
interstratified  sheet,  so  evenly  does  it  seem  to  be  intercalated  between  the 
sedimentaiy  strata.  But  here  and  there  it  diverges  upward  or  downward 
in  such  a  way  as  to  prove  it  to  be  really  a  vast  injected  sheet.  The  age  of 
the  injection  cannot  be  precisely  fixed.  It  must  be  later  than  the  Carbon- 
iferous Limestone.  There  is  no  trace  of  any  stratigraphical  break  in  the 
Carboniferous  system  of  the  region  traversed  by  the  sill.  If  the  injection 
took  place  during  the  Carboniferous  period,  it  does  not  appear  to  have  been 
attended  with  any  local  disturbance,  such  as  we  might  suppose  would  have 
been  likely  to  accompany  the  extravasation  of  so  enormous  a  mass  of  igneous 
material.  If  the  date  of  injection  be  assigned  to  the  next  volcanic  episode 
in  the  geological  history  of  Britain — that  of  the  Permian  period — it  will 
follow  that  the  Whin  Sill  was  intruded  into  its  present  position  under  the 
superincumbent  weight  of  the  whole  of  the  Carboniferous  system  higher 
than  the  platform  followed  by  the  injected  rock.  The  overlying  body  of 
strata  would  thus  exceed  5000  feet  in  thickness,  or  in  round  numbers  would 
amount  at  least  to  an  English  mile.  The  pressure  of  this  mass  of  super- 
incumbent material,  at  the  depth  at  which  the  injected  magma  was  forced 
between  the  strata,  must  have  been  so  gigantic  that  it  is  difficult  to  believe 
that  the  energy  of  the  magma  would  have  been  able  to  achieve  of  itself  so 
stupendous  a  task  as  the  formation  of  the  Great  Whin  Sill. 

The  volume  of  injected  material  is  likewise  deserving  of  special  attention. 
Many  sills  exceed  300  or  400  feet  in  thickness;  and  some  laccolites  must 
enormously  surpass  these  limits.  The  intrusion  of  so  vast  a  body  of  new 
material  into  the  terrestrial  crust  will  necessitate  either  a  corresponding  eleva- 
tion of  that  part  of  the  crust  overlying  tlie  injected  magma  or  a  subsidence 
of  that  pai-t  underlying  it,  or  some  combination  of  both  movements.  It  is 
conceivable  that,  where  the  body  of  protruded  magma  was  large  and  the 
thickness  of  overlying  crust  was  small,  the  expansive  force  of  the  vapours 
under  high  tension  in  the  molten  rock  may  have  sufficed  for  the  uplift. 
This  result  will   l)e  most  likely  to  be  effected  around  a  volcanic  chimney 

VOL.  I  H 


98  SUBTERRANEAN  VOLCANIC  ACTION  book  i 


where  the  magma  has  the  least  amount  of  overljdng  load,  and  encounters 
that  relief  from  pressure  which  enables  it  to  become  a  powerful  agent  in 
terrestrial  physics. 

But  in  the  case  of  the  larger  bodies  of  injected  rock,  especially  where 
they  do  not  seem  to  have  been  accompanied  by  the  opening  of  any  volcanic 
vents,  the  propulsion  of  the  igneous  material  into  the  crust  has  probably  been 
effected  as  a  consequence  of  disturbance  of  the  terrestrial  crust.  When  the 
strait!  of  contraction  leads  to  the  pushing  upward  of  the  terrestrial  areas 
intervening  between  wide  regions  of  subsidence,  even  though  the  differential 
movement  may  be  slight,  the  isogeotherms  undergo  deformation.  The 
intensely  hot  nucleus  is  squeezed  upward,  and  if  in  the  process  of  compres- 
sion ruptures  take  place  in  the  crust,  and  cavities  in  it  are  consequently 
opened,  the  magma  will  at  once  be  forced  into  them.  Such  ruptures  may 
be  expected  to  take  place  along  lines  of  weakness.  Eocks  will  split  along 
their  stratification-planes,  and  the  tendency  to  separation  along  these  lines 
may  be  aided  by  the  readiness  of  the  energetic  magma  to  find  its  way  into 
and  to  enlarge  every  available  opening.  Hence  we  may  expect  that,  besides 
vertical  fractures,  leading  to  the  production  of  dykes  and  bosses,  there  will 
often  be  horizontal  thrusts  and  ruptures,  which  will  give  rise  to  the  forma- 
tion of  sills. 

Tliere  is  still  another  feature  of  terrestrial  contraction  which  may  help 
us  to  follow  the  behaviour  of  the  magma  within  the  crust.  Plication  of  the 
crust  is  one  of  the  most  characteristic  results  of  the  contracting  strain. 
Where  a  great  series  of  sedimentary  formations  has  been  violently  compressed 
so  that  its  component  strata  have  been  thrown  into  rapid  folds  and  squeezed 
into  a  vertical  position,  the  portion  of  the  crust  thus  treated  may  possibly  be 
on  the  whole  strengthened  against  the  uprise  of  molten  material  through  it. 
But  the  folding  is  often  accompanied  with  dislocation.  Not  &nly  are  the 
rocks  thrown  into  endless  plications,  but  portions  of  them  are  ruptured  and 
even  driven  horizontally  over  other  parts.  Such  greatly  disturbed  areas  of 
the  crust  are  not  infrequently  found  to  have  been  plentifully  injected  with 
igneous  rocks  in  the  form  of  dykes,  veins,  sills,  laccolites  and  bosses. 

The  elevation  of  a  mountain-chain  is  known  to  be  accompanied  with  a 
diminution  of  density  in  the  crust  underneath.  Mr.  0.  Fisher  has  sug- 
gested that  along  such  lines  of  terrestrial  uplift  there  may  be  a  double 
bulge  in  the  crust,  one  portion  rising  to  form  the  upheaved  land  and  the 
other  sinking  down  into  the  hot  nucleus.  If  the  lighter  descending  crust 
were  there  melted  it  might  form  a  magma  ready  to  be  poured  out  as  lava 
on  the  opening  of  any  vent.  The  lava  thus  ejected  would  be  of  the  lighter 
kinds.  It  has  been  remarked  as  certainly  a  curious  fact  that  the  lavas 
which  issue  from  high  mountain  ranges  are  generally  much  more  acid  than 
the  heavy  basic  lavas  whicli  are  so  characteristic  of  volcanoes  close  to  the 
level  of  the  sea. 

But  even  where  no  actual  mountain -chain  is  formed,  there  are  gentle 
undulations  of  the  crust  which  no  doubt  also  affect  the  isogeotherms.  If 
any  series  of  disturbances    should  give  rise  to   a  double  system  of  such 
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undulations,  one  crossing  the  other,  there  would  be  limited  dome-shaped 
elevations  at  the  intersections  of  these  waves,  and  if  at  the  same  time  actual 
rupture  of  the  crust  should  take  place,  the  magma  might  find  its  way 
upward  under  such  domes  and  give  rise  to  the  formation  of  laccolitic 
intrusions.  Cessation  of  the  earth -movements  might  allow  the  intruded 
material  slowly  to  solidify  without  ever  making  an  opening  to  the  surface 
and  forming  a  volcano.  Doubtless  many  sills,  laccolites  and  bosses  repre- 
sent such  early  or  arrested  stages  in  volcanic  history. 

Propelled  into  the  crust  at  a  high  temperature,  and  endowed  with  great 
energy  from  the  tension  of  its  absorbed  vapours  and  gases,  the  magma  will 
avail  itself  of  every  rent  which  may  be  opened  in  the  surrounding  crust, 
and  where  it  has  succeeded  in  reaching  the  surface,  its  own  explosive 
Wolence  may  enable  it  to  rupture  the  crust  still  further,  and  open  for 
itself  many  new  passages.  Thus  an  eruptive  laccolite  or  boss  is  often  fringed 
with  veins,  dykes  and  sills  which  proceed  from  its  mass  into  the  rocks  around. 

The  question  how  far  an  ascending  mass  of  magma  can  melt  down 
its  walls  is  one  to  which  no  definite  answer  can  yet  be  given.  Ilecent 
observations  show  that  where  the  difference  in  the  silica  percentage  between 
the  magma  and  the  rock  attacked  is  great,  there  may  be  considerable 
dissolution  of  material  from  this  cause.  Allusion  has  already  been  made 
to  Mr.  Harker's  computation  that  some  of  the  acid  granophyres  of  Skye  have 
melted  down  about  a  fourth  of  their  bulk  of  the  basic  gabbros.  If  such  a 
reaction  should  take  place  between  the  magma  of  a  boss,  sill  or  laccolite  and 
the  rocks  among  wliich  it  has  been  intruded,  great  changes  might  result  in 
the  composition  of  the  intruded  rock.  We  are  not  yet,  however,  in  . 
possession  of  evidence  to  indicate  that  absorption  of  this  kind  really  takes 
place  on  an  extensive  scale  within  the  earth's  crust.  If  it  did  occur  to  a 
large  extent,  we  should  expect  nmch  greater  varieties  in  the  composition  of 
eruptive  rocks  than  usually  occur,  and  also  some  observable  relation  l)etween 
the  composition  of  the  igneous  material  and  that  of  the  rocks  into  which  it 
has  l>een  injected.  But  enough  is  not  yet  known  of  this  subject  to  wan^ant 
any  decided  opinion  regarding  it. 


CHAPTER  VII 

Influence  of  Volcanic  Rocks  on  the  Scenery  of  the  Land — Efiects  of  Denudation. 

As  considerable  popular  uiisappreheiision  exists  respecting  the  part  which 
volcanism  has  played  in  the  evolution  of  the  existing  topography  of  the 
earth's  surface,  and  as  the  British  Isles,  from  their  varied  geological 
structiu-e,  offer  special  facilities  for  the  discussion  of  this  subject,  it  may 
not  be  out  of  place  to  devote  a  final  section  of  the  present  Introduction  to 
a  consideration  of  the  real  topographical  influence  of  volcanic  action. 

With  modern,  and  especially  with  active,  volcanoes  we  need  not  here 
concern  ourselves.  Their  topographical  forms  are  well  known,  and  give  rise 
to  no  difficulty.  The  lofty  cones  of  the  Vesuvian  type,  with  their  wide- 
spread lavas  and  ashes,  their  vast  craters  and  their  abundant  parasitic 
volcanoes ;  the  crowded,  but  generally  diminutive,  cones  and  domes  of  the 
puy  type,  so  well  displayed  in  Auvergne,  the  Eifel  and  the  Bay  of  Naples ; 
and  the  vast  lava  deserts  of  the  plateaux,  so  characteristically  developed  in 
Iceland  and  Western  America,  illustrate  the  various  ways  in  which  volcanic 
energy  directly  changes  the  contours  of  a  terrestrial  surface. 

But  the  circumstances  are  altered  when  we  deal  with  the  topographical 
influence  of  long  extinct  volcanoes.  Other  agencies  then  come  into  play, 
and  some  caution  may  be  needed  in  the  effort  to  disentangle  the  elements 
of  the  complicated  prolJem,  and  to  assign  to  each  contributing  cause  its  own 
proper  effect. 

Reference  has  already  been  made  to  the  continuous  denudation  of 
volcanic  hills  from  the  time  that  they  are  first  erupted.  But  the  com- 
parative rapidity  of  the  waste  and  the  remarkable  topographical  changers 
which  it  involves  can  hardly  be  adequately  realized  without  the  inspection 
of  an  actual  example.  A  visit  to  the  back  of  Monte  Somma,  already  alluded 
to,  will  teach  the  observer,  far  more  vividly  than  books  can  do,  how  a 
volcanic  cone  is  affected  by  daily  meteoric  changes.  The  sides  of  such 
a  cone  may  remain  tolerably  uniform  slopes  so  long  as  they  are  always 
being  renewed  by  deposits  from  fresh  eruptions.  But  when  the  volcanic 
activity  ceases,  and  the  declivities  undergo  no  such  reparation,  they  are 
rapidly  channelled  by  the  descent  of  rain-water,  until  the  furrows  grow  by 
'VfegtTElep-.wScbe  and  deep  ravines,  with  only  narrow  and  continually-diminish- 
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ing  crests  between  them.  If  unchecked  by  any  fresh  discharge  of  volcanic 
material,  the  degradation  will  at  last  have  removed  the  whole  cone. 

It  is  thus  obvious  that  purely  volcanic  topography,  that  is,  the  terrestrial 
scenery  due  directly  to  the  eruption  of  materials  from  within  the  earth,  can 
never  become  in  a  geological  sense  very  old.  It  can  only  endure  so  long  as 
it  is  continually  renewed  by  fresh  eruptions,  or  where  it  is  carried  down  by 
subsidence  under  water  and  is  there  buried  under  a  cover  of  protecting 
sediments.  When,  therefore,  we  meet  with  volcanic  rocks  of  ancient  date 
exposed  at  the  surface,  we  may  be  quite  certain  that  their  present  contours 
are  not  those  of  the  original  volcano,  but  have  been  brought  about  by  the 
processes  of  denudation. 

It  is  true  that,  in  the  general  erosion  of  the  surface  of  the  land,  volcanic 
rocks  of  ancient  date  sometimes  rise  into  wonderfully  craggy  heights,  includ- 
ing, perhaps,  cones  and  deep  crater-like  hollows,  which  to  popular  imagina- 
tion betoken  contours  left  by  now  extinguished  volcanic  fires.  Examples  of 
such  scenery  are  familiar  in  various  parts  of  Britain ;  but  the  resemblance 
to  recent  volcanic  topography  is  deceptive.  There  are,  indeed,  a  few  hills 
wherein  the  progress  of  denudation  seems  not  as  yet  to  have  entirely 
removed  the  lavas  and  tuffs  that  gathered  round  the  original  vents.  Some 
of  the  tuff-cones  of  eastern  Fife,  for  example,  present  cases  of  this  kind. 
Again,  the  great  granophyre  domes  and  cones  of  tlie  Tertiary  volcanic  series 
of  the  Inner  Hebrides,  though  they  have  undoubtedly  been  extensively 
denuded,  may  possibly  retain  contours  that  do  not  greatly  difiler  from  those 
which  these  protruded  bosses  originally  assumed  under  the  mass  of  rock 
which  has  been  removed  from  them.  Nevertheless,  putting  such  doubtful 
exceptions  aside,  we  may  confidently  affirm  that  hills  composed  of  ancient 
volcanic  material  give  no  clue  to  the  forms  of  the  original  volcanoes. 

It  can  hardly  be  too  often  repeated  that  the  fundamental  law  in  the 
universal  decay  and  sculpture  of  the  land  is  tliat  the  waste  is  proportioned 
to  the  resistance  offered  to  it :  the  softer  rocks  are  worn  down  with  com- 
parative rapidity,  while  the  harder  varieties  are  left  projecting  above  tliem. 
As  a  general  rule,  volcanic  rocks  are  more  durable  than  those  among  which 
they  are  interstratified,  and  hence  project  above  them,  but  this  is  not  always 
the  case.  No  universal  rule  can,  indeed,  be  laid  down  with  regard  to  the 
relative  durability  of  any  rocks.  While,  therefore,  topographic  contours 
afford  a  valuable  indication  of  the  nature  and  disposition  of  the  rocks  below 
the  surface,  they  cannot  be  relied  upon  as  in  all  circumstances  an  infallible 
guide  in  this  respect.  No  better  proof  can  be  offered  of  the  caution  that 
is  needed  in  tracing  such  contours  back  to  their  origin  than  is  furnished 
by  the  old  volcanic  rocks  of  Britain.  These  eruptive  masses,  consisting 
usually  of  durable  materials  and  ranging  through  a  vast  cycle  of  geological 
time,  usually  rise  into  prominent  features  and  thus  support  the  general  law. 
But  they  include  also  many  easily  eroded  members,  which,  instead  of 
forming  eminences,  are  worn  into  hollows.  They  include,  in  short,  every 
type  of  scenery,  from  featureless  plains  and  rolling  lowlands  to  craggj'  and 
spiry  mountains. 
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The  first  point,  then,  which  is  established  in  an  investigation  of  the 
topographical  influence  of  old  volcanic  rocks  is  that  their  prevailing 
prominence  arises  from  relative  durability  amidst  universal  degradation. 
When  we  proceed  further  to  inquire  why  they  vary  so  much  from  each 
other  in  different  places,  and  how  their  complicated  details  of  feature  have 
been  elaborated,  we  soon  learn  that  such  local  peculiarities  have  arisen 
mainly  from  variations  in  the  internal  structure  and  gi*ouping  of  the  rocks 
themselves. 

Here  again  the  general  law  of  sculpture  comes  into  play.  The  local 
features  have  depended  upon  the  comparative  resistance  offered  to  the 
sculpturing  agents  by  the  different  portions  of  a  volcanic  series.  Each 
distinct  variety  of  rock  possesses  its  own  characteristic  internal  structure. 
The  lines  along  which  atmospheric  disintegration  will  most  effectually  cann- 
on its  carving  work  are  thus  already  traced  in  the  very  substance  and 
architecture  of  the  rock  itself  Each  rock  consequently  yields  in  its  own 
way  to  the  processes  of  disintegration,  and  thus  contributes  its  own  dis- 
tinctive share  to  topographical  feature. 

Among  the  massive  rocks  abundant  examples  of  such  special  types  of 
weathering  may  be  cited,  from  the  acid  and  basic  series,  and  from  superficial 
lavas  as  well  as  from  intrusive  bosses  and  sills.  Acid  bosses,  such  as  those 
of  granite,  granophyre  and  quartz-porphyry,  tend  to  weather  into  blocks  and 
finally  into  sand,  and  as  this  tendency  is  somewhat  uniformly  distributed 
through  the  rocks,  they  are  apt  to  assume  rounded,  dome-shaped  or  conical 
forms  which,  at  a  distance,  may  seem  to  have  smooth  declivities,  but  on 
examination  are  generally  foimd  to  be  covered  with  a  slowly-descending 
sheet  of  disintegrated  blocks  and  debris  (Fig.  346).  When  less  prone  to 
decay,  and  especially  where  traversed  by  a  strongly-defined  system  of  vertical 
joints,  they  may  shoot  up  into  tower-like  heights,  with  prominent  spires  and 
obelisks.  Basic  bosses,  when  their  materials  decay  somewhat  rapidly,  give 
rise  to  analogous  topographical  forms,  though  the  more  fertile  soils  which 
they  produce  generally  lead  to  their  being  clothed  with  vegetation.  Where 
they  consist  of  an  obdurate  rock,  much  jomted  and  fissured,  like  the  gabbro 
of  the  Inner  Hebrides,  they  form  exceedingly  rugged  mountains,  terminating 
upward  in  serrated  crests  and  groups  of  aiguilles  (Figs.  331,  333). 

Acid  lavas  that  have  been  superficially  erupted  weather  into  irregu- 
larly craggy  hills,  like  the  flanks  of  Snowdon.  Those  of  intermediate 
composition,  where  they  have  accumulated  in  thick  masses,  are  apt  to 
weather  into  conical  forms,  as  may  be  seen  among  the  Cheviot,  Pentland 
and  Garleton  Hills  (Figs.  109, 110,  133);  but  where  they  have  been  poured 
out  in  successive  thin  sheets  they  have  built  up  undulating  plateaux  with 
terraced  sides,  as  among  the  Ayrshire  and  Campsie  Fells  and  the  hills  of 
Lome  (Figs.  99,  107).  Basic  lavas  have  issued  in  comparatively  thin  sheets, 
frequently  colunmar  or  slaggy,  forming  flat-topped  hills  and  terraced  escarp- 
ments, such  as  are  typically  developed  among  the  Tertiary  basalt-plateaux 
of  the  Inner  Hebrides  and  the  Faroe  Islands  (Figs.  11,  265,  283,  284,  286). 

One  of  the  most  frequent  causes  of  local  peculiarities  of  topography 
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among  old  volcanic  rocks  is  the  intercalation  of  very  distinct  varieties  of 
material  in  the  same  volcanic  series.  Where,  for  instance,  lavas  and  tuff's 
alternate,  great  inequalities  of  surface  may  be  produced.  The  tuffs,  being 
generaUy  more  friable,  decay  faster  and  give  rise  to  hollows,  while  the 
lavas,  being  more  durable,  project  in  bold  ridges  or  rise  into  mural  escarp- 
ments (Fig.  265).  Again,  where  dykes  weather  more  readily  than  the  rocks 
which  they  traverse,  they  originate  deep  narrow  clefts,  while  where  they 
weather  more  slowly  than  the  rocks  around  them,  they  project  as  dark  ribs. 
Thus  in  Skye  some  dykes  which  rise  through  the  obdurate  gabbro  are 
marked  by  chasms  which  reach  up  even  to  the  highest  crests  of  the 
mountains  (Fig.  333),  while  of  those  which  run  in  the  pale  crumbling 
granophyre,  some  stand  up  as  black  walls  that  can  be  followed  with  the 
eye  across  the  ridges  even  from  a  long  distance. 

Many  further  illustrations  of  these  principles  might  be  cited  here  from 
the  old  volcanic  districts  of  Britain.  But  they  will  present  themselves 
successively  in  later  chapters.  For  my  present  purpose  it  is  enough  to 
show  that  the  scenery  of  these  districts  is  not  directly  due  to  volcanic  action, 
but  is  the  immediate  result  of  denudation  acting  upon  volcanic  rocks, 
modified  and  directed  by  their  geological  structure. 

It  may,  however,  be  useful,  in  concluding  the  discussion  of  this  subject, 
to  cite  some  typical  volcanic  regions  in  the  British  Isles  as  illustrations  of 
the  relations  between  geology  and  topography,  which,  besides  impressing  the 
main  lesson  here  enforced,  may  serve  also  to  show  some  of  the  striking  con- 
trasts which  geology  reveals  between  the  present  and  former  conditions  of 
the  surface  of  the  globe.  Among  these  contrasts  none  are  more  singular 
than  those  offered  by  tracts  where  volcanic  action  has  once  been  rife,  and 
where  the  picture  of  ancient  geogi*aphy  presented  in  the  rocks  differs  so 
widely  from  the  scenery  of  the  same  places  to-day  as  to  appeal  vividly  to  the 
imagination. 

The  first  district  to  which  I  may  refer  where  ancient  volcanic  rocks  are 
well  developed  is  that  of  Devonshire.  The  story  of  the  Devonian  volcanoes 
will  be  told  in  some  detail  in  later  chapters,  when  it  will  be  shown  that  the 
eruptions  were  again  and  again  renewed  during  a  long  course  of  ages.  Yet, 
abundant  as  the  intercalated  lavas  and  tuffs  are,  they  can  hardly  be  said  to 
have  had  any  marked  effect  on  the  scenerj',  though  here  and  there  a  harder 
or  larger  mass  of  diabase  rises  into  a  prominent  knoll  or  isolated  hill. 
When  the  amount  of  volcanic  material  in  this  region  is  considered,  we  may 
feel  some  surprise  at  the  trifling  influence  which  it  has  exerted  in  the  general 
denudation  of  the  surface. 

To  one  who  wanders  over  the  rich  champaign  of  southern  Devonshire, 
and  surveys  from  some  higher  prominence  the  undulating  tree -crowned 
ridges  that  slope  down  into  orchard-filled  hollows,  and  the  green  uplands 
that  sweep  in  successive  waves  of  verdure  to  the  distant  blue  tors  of  Dart- 
moor, the  scene  appears  as  a  type  of  all  that  is  most  peaceful,  varied  and 
fertile  in  English  landscape.  In  the  trim  luxuriance  that  meets  the  eye  on 
every  side,  the  hand  of  man  is  apparent,  though   from  many  a  point  of 
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vantage  no  sound  may  be  heard  for  a  time  to  show  that  he  himself  is  any- 
where near  us.  Yet  ever  and  anon  from  the  deep  lanes,  hidden  out  of 
sight  imder  their  canopy  of  foliage,  there  w^ill  come  the  creak  of  the  groan- 
ing waggon  and  the  crack  of  the  waggoner's  whip,  as  evidence  that  there  are 
roads  and  human  traffic  through  this  bosky  silent  country. 

Amid  so  nmch  quiet  beauty,  where  every  feature  seems  to  be  eloquent 
of  long  generations  of  undisturbed  repose,  it  must  surely  stir  the  imagina- 
tion to  be  told  that  underneath  these  orchards,  meadows  and  woodlands  lie 
the  mouldering  remnants  of  once  active  and  long-lived  volcanoes.  Yet  we 
have  only  to  descend  into  one  of  the  deep  lanes  to  find  the  crumbling  lavas 
and  ashes  of  the  old  eruptions.  The  landscape  has,  in  truth,  been  carved  out 
of  these  volcanic  rocks,  and  their  decomposition  has  furnished  the  rich  loam 
that  nourishes  so  luxuriant  a  vegetation. 

Not  less  impressive  is  the  contrast  presented  between  the  present  and 
former  condition  of  the  broad  pastoral  uplands  of  the  south  of  Scotland. 
Nowhere  in  the  British  Islands  can  the  feeling  of  mere  loneliness  be  more 
perfectly  experienced  than  among  these  elevated  tracts  of  bare  moorland. 
They  have  nothing  of  the  grandeur  of  outline  peculiar  to  mountain  tracts. 
Sometimes,  for  miles  around  one  of  their  conspicuous  summits,  we  may  see 
no  projecting  knob  or  pinnacle.  The  rocks  have  been  gently  rounded  off 
into  broad  featureless  hills,  which  sink  into  winding  valleys,  each  with  its 
thread  of  streamlet  and  its  farms  along  the  bottom,  and  its  scattered  remnants 
of  birch-wood  or  alder-copse  along  its  slopes  and  dingles.  Across  miles  of 
heathy  pasture  and  moorland,  on  the  summits  of  this  great  tableland,  we  may 
perchance  see  no  sign  of  man  or  his  handiwork,  though  the  bleating  of  the 
sheep  and  tlie  far-off  barking  of  the  collie  tell  that  we  are  here  within  the 
quiet  domain  of  the  south-country  shepherd. 

In  this  pastoral  territory,  also,  though  they  hardly  affect  the  scenery, 
volcanic  rocks  come  to  the  surface  where  the  foldings  of  the  earth's  crust 
have  brought  up  the  oldest  formations.  Their  appearance  extends  over 
so  wide  an  area  as  to  show  that  a  large  part  of  these  uplands  lies  on 
a  deeply- buried  volcanic  floor.  A  whole  series  of  submarine  volcanoes, 
extending  over  an  area  of  many  hundreds  of  square  miles,  and  still  in  great 
part  overlain  with  the  accumulated  sands  and  silts  of  the  sea-bottom,  now 
hardened  into  stone,  underlies  these  quiet  hills  and  lonely  valleys. 

A  contrast  of  another  type  meets  us  in  the  broad  midland  valley  of 
Scotland.  Around  the  city  of  Edinburgh,  for  instance,  the  landscape  is 
diversified  by  many  hills  and  crags  which  show  where  harder  rocks  project 
from  amidst  the  sediments  of  the  Carboniferous  system.  On  some  of  these 
crags  the  forts  of  the  early  races,  the  towel's  of  Celt  and  Saxon,  and  the 
feudal  castles  of  the  middle  ages  were  successively  planted,  and  round  their 
base  clustered  for  protection  the  cots  of  the  peasants  and  the  earliest  home- 
steads of  the  future  city.  Beneath  these  crags  many  of  the  most  notable 
events  in  the  stormy  annals  of  the  country  were  transacted.  Under  their 
shadow,  and  not  without  inspiration  from  their  local  form  and  colour,  litera- 
ture, art  and  science  have  arisen  and  flourished.     Nowhere,  in  short,  within 
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the  compass  of  the  British  Isles  has  the  political  and  intellectual  progress  of 
the  people  been  more  plainly  affected  by  the  environment  than  in  this 
central  district  of  Scotland. 

When  now  we  inquire  into  the  origin  and  historj'  of  the  topography 
which  has  so  influenced  the  population  around  it,  we  find  that  its  prominences 
are  relics  of  ancient  volcanoes.  The  feudal  towers  are  based  on  sills  and 
dykes  and  necks.  The  fields  and  gardens,  monuments  and  roadways,  over- 
lie sheets  of  lava  or  beds  of  volcanic  ashes.  Not  only  is  every  conspicuous 
eminence  immediately  around  of  volcanic  origin,  but  even  the  ranges  of  blue 
hills  that  close  in  the  distant  view  to  south  and  north  and  east  and  west  are 
mainly  built  up  of  lavas  and  tuffs.  The  eruptions  of  which  these  heights 
are  memorials  belong  to  a  vast  range  of  geological  ages,  the  latest  of  them 
having  passed  away  long  before  the  advent  of  man.  But  they  have  left 
their  traces  deeply  engraven  in  the  rocky  framework  of  tlie  landscape. 
While  Imman  historj',  stormy  or  peaceful,  has  been  slowly  evolving  itself 
during  the  progress  of  the  centuries  in  these  fertile  lowlands,  the  crags  and 
heights  have  remained  as  memorials  of  an  earlier  liistory  when  Central 
Scotland  continued  for  many  ages  to  be  tlie  theatre  of  vigorous  volcanic 
activity. 

As  a  final  illustration  of  the  influence  of  volcanic  rocks  in  scenery,  and 
of  the  contrast  between  their  origin  and  their  present  condition,  I  may  cite 
the  more  prominent  groups  of  hills  in  the  Inner  Hebrides.  In  the  singu- 
larly varied  landscapes  of  that  region  tliree  distinct  types  of  topography 
attract  the  eye  of  the  traveller.  These  are  best  combined  and  most  fully 
developed  in  the  island  of  Skye.  Throughout  the  northern  half  of  that 
picturesque  island,  the  ground  rises  into  a  rolling  tableland,  deeply  pene- 
trated by  arms  of  the  sea,  into  which  it  slopes  in  gi-een  declivities,  while  along 
its  outer  torders  it  plunges  in  ranges  of  precipice  into  the  Atlantic.  Every- 
where, alike  on  the  cliffs  and  the  inland  slopes,  long  parallel  lines  of  rock- 
terrace  meet  the  eye.  These  mount  one  above  another  from  the  shores 
up  to  the  flat  tops  of  the  highest  hills,  presenting  level  or  gently-inclined 
l>ar8  of  dark  crag  that  rise  above  slopes  of  debris,  green  sward  and  bracken. 
It  is  these  parallel,  sharply-defined  bars  of  rock,  with  their  intervening  strips 
of  verdure,  that  give  its  distinctive  character  to  the  scenery  of  northern 
Skye.  On  hillside  after  hillside  and  in  valley  after  valley,  they  reappear 
with  the  same  almost  artificial  monotony.  And  far  beyond  the  Umits  of 
Skye  they  are  repeated  in  one  island  after  another,  all  down  the  chain  of  the 
Inner  Hebrides. 

In  striking  contrast  to  this  sceneiy,  and  abruptly  bounding  it  on  the 
south,  rise  the  Bed  Hills  of  Skye — a  singular  group  of  connected  cones. 
Alike  in  form  and  in  colour,  these  hills  stand  apart  from  everything  around 
them.  The  verdure  of  the  northern  terraced  tableland  here  entirely  dis- 
appears. The  slopes  are  sheets  of  angular  de})ris, — huge  blocks  of  naked 
stone  and  trails  of  sand,  amidst  which  hardly  any  vegetiition  finds  a  footing. 
The  decay  of  the  rock  gives  it  a  pale  yellowish -grey  hue,  which  after  rain 
deepens  into  msset,  so  that  in  favourable  lights  these  strange  cones  gleam 
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with  a  warm  glow  as  if  they,  in  some  special  way,  could  catch  and  reflect 
the  radiance  of  the  sky. 

Immediately  to  the  west  of  these  pale  smooth-sloped  cones,  the  dark 
mass  of  the  Cuillin  Hills  completes  the  interruption  of  the  northern  tableland. 
In  almost  every  topographical  feature  these  hills  present  a  contrast  to  the 
other  two  kinds  of  scenery.  Their  forms  are  more  rugged  than  those  of 
any  other  hill-group  in  Britain  (Fig.  331).  Every  declivity  among  them  is 
an  irregular  pile  of  crags,  every  crest  is  notched  like  a  saw,  every  peak  is 
sharpened  into  a  pinnacle.  Instead  of  being  buried  under  vast  sheets  of 
their  own  debris,  these  hills  show  everywhere  their  naked  rock,  which  seems 
to  brave  the  elements  as  few  other  rocks  can  do.  Unlike  the  pale  Eed 
Hills,  they  are  dark,  almost  black  in  tone,  though  when  canopied  with  cloud 
they  assume  a  hue  of  deepest  violet. 

Each  of  these  three  distinct  types  of  topography  owes  its  existence  to 
the  way  in  which  a  special  kind  of  volcanic  rock  yields  to  the  influences  of 
denudation.  The  terraced  tableland  of  the  north  is  built  up  of  hundreds  of 
sheets  of  basaltic  lava,  each  of  the  long  level  ledges  of  brown  rock  marking 
the  outcrop  of  one  or  more  of  these  once  molten  streams.  Tlie  black  rugged 
mass  of  the  Cuillin  Hills  consists  of  a  vast  protruded  body  of  eruptive 
material,  which,  in  the  form  of  endless  sills  and  bosses  of  gabbro  and 
dolerite,  has  invaded  the  basalt-plateau,  and  has  now  been  revealed  by  the 
gradual  removal  of  the  portion  of  that  plateau  which  it  upraised.  The 
pale  cones  and  domes  of  the  Red  Hills  mark  the  place  of  one  of  the  last 
protrusions  in  the  volcanic  history  of  Britain — that  of  large  masses  of  an 
acid  magma,  which  broke  through  the  basalt-plateau  and  also  disrupted 
the  earlier  gabbro. 

In  no  part  of  North-Westeru  Europe  has  volcanic  activity  left  more 
varied  and  abundant  records  of  its  operations  than  in  these  three  contiguous 
tracts  of  Skye.  It  is  interesting  therefore  to  note  the  striking  contrast 
l)etween  the  former  and  the  present  landscapes  of  the  region.  The  lavas 
of  the  basaltic  tableland  crumble  into  a  rich  loam,  that  in  the  mild  moist 
climate  of  the  Hebrides  supports  a  greener  verdure  than  any  of  the  other 
rocks  around  will  yield.  The  uplands  have  accordingly  become  pasture- 
grounds  for  herds  of  sheep  and  cattle.  The  strips  of  lowland  along  the 
valleys  and  in  the  recesses  of  the  coast-line  furnish  the  chief  tracts  of 
arable  land  in  the  island,  and  are  thus  the  main  centres  of  the  crofter 
population.  The  bays  and  creeks  of  the  much -indented  shores  form 
natural  harbours,  which  in  former  days  attracted  the  Norse  sea-rovers,  and 
supplied  them  with  sites  for  their  settlements.  Norse  names  still  linger 
on  headland  and  inlet,  Init  the  spirit  of  adventure  has  passed  away,  and  a 
few  poor  fishing-boats,  here  and  there  drawn  up  on  the  beach,  are  usually 
the  only  token  that  the  islanders  make  any  attempt  to  gather  the  harvest 
of  the  sea. 

The  mountain  groups  which  so  abruptly  bound  the  basalt-plateau  on 
the  south,  and  present  in  their  topographical  features  such  distinctive 
scenery,  comprise  a  region  too  lofty,  too  rugged  and  too  barren  for  huuian 
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occupation.  The  black  Cuillins  and  the  pale  Eed  Hills  are  solitudes  left 
to  the  few  wild  creatures  that  have  not  yet  been  exterminated.  The 
corries  are  the  home  of  the  red  deer.  The  gabbro  cliffs  are  haunts  of  the 
e^le  and  the  raven.  Where  patches  of  soil  have  gathered  in  the  crannies 
of  the  gabbro,  alpine  plants  find  their  home.  In  the  chasms  left  by  the 
decay  of  the  dykes  between  the  vertical  walls  of  their  fissures,  the  winter 
snows  linger  into  summer,  and  conceal  with  their  thick  drifts  the 
mouldering  surface  of  the  once  molten  rock  beneath  them.  On  every  side 
and  at  every  turn  a  mute  appeal  is  made  to  the  imagination  by  the  strange 
contrasts  between  the  quiet  restfulness  of  to-day,  when  the  sculpture-tools 
of  nature  are  each  busily  carving  the  features  of  the  landscape,  and  the 
tumult  of  the  time  when  the  rocks,  now  so  silent,  were  erupted. 

The  general  discussion  of  the  sul)ject  of  Volcanism  in  this  Introduction 
will,  I  hope,  have  prepared  the  reader  who  has  no  special  geological 
training  for  entering  upon  the  more  detailed  descriptions  in  the  rest  of  this 
treatise.  As  already  stated,  the  chronological  order  of  arrangement  will  be 
followed.  Beginning  with  the  records  of  the  earliest  ages,  we  shall  follow 
the  story  of  volcanic  action  down  to  the  end  of  the  latest  eruptions. 

Each  great  geological  system  will  be  taken  as  a  whole,  representing  a 
long  period  of  time,  and  its  volcanic  evolution  will  be  traced  from  the 
•  beginning  of  the  period  to  the  close.  Some  variety  of  treatment  is 
necessarily  entailed  by  the  wide  range  in  the  nature  and  amount  of  the 
evidence  for  the  volcanic  history  of  different  ages.  But  where  practicable, 
an  outline  will  first  be  given  of  what  can  be  gathered  respecting  the 
physical  geography  of  each  geological  period  in  Britain.  In  the  description 
which  will  then  follow  of  the  volcanic  phenomena,  an  account  of  the 
general  characters  of  the  erupted  rocks  will  precede  the  more  detailed 
narrative  of  the  history  of  the  volcanic  eruptions  in  the  several  regions 
where  they  took  place.  References  to  the  published  literature  of  each 
formation  will  be  given  in  the  first  part  of  each  section,  or  will  be  intro- 
duced in  subsequent  pages,  as  may  be  found  most  convenient. 
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The  Beginnings  of  Geological  History — Difficulties  in  fixing  on  a  generally-ai)plicable 
Terminolugj — L  The  Lewisian  (Archaean)  Gneiss  ;  ii.  Tlie  Dalradian  or  Younger 
Schists  of  Scotland  ;  iii.  The  Gneisses  and  Schists  of  Anglesey  ;  iv.  The  Uriconian 
Volcanoes ;  v.  The  Malvern  Volcano  ;  vi.  The  Charnwood  Forest  Volcano. 

The  early  geological  history  of  this  globe,  like  the  early  history  of  mankind^ 
must  be  dmwii  from  records  at  once  scanty  and  hardly  decipherable.  Exposed 
to  the  long  series  of  revolutions  which  the  surface  of  the  planet  has  under- 
gone, these  records,  never  perhaps  complete  at  the  first,  have  been  in  large 
measure  obliterated.  Even  where  they  still  exist,  their  meaning  is  often 
80  doubtful  that,  in  trying  to  interpret  it,  we  find  little  solid  footing,  and 
feel  ourselves  to  be  groping,  as  it  were,  in  the  dimness  of  mythological 
legend,  rather  than  working  in  the  light  of  trustworthy  and  intelligible 
chronicles.  These  primeval  records  have  been  more  particularly  the  objects 
of  sethilous  study  during  the  last  twenty  years  all  over  Europe  and  in  North 
America.  A  certain  amount  of  progress  in  their  decipherment  has  been 
made.  But  the  problems  they  still  present  for  solution  are  numerous  and 
obscure.  Fortunately,  with  many  of  these  problems  the  subject  of  the 
present  treatise  is  not  immediately  connected.  We  need  only  concern 
oimjelves  with  thase  which  are  related  to  the  history  of  primeval  volciinic 
activity. 

To  the  earliest  and  least  definite  division  of  the  geological  annals 
various  names  have  been  applied.  Some  writers,  believing  that  this  period 
preceded  the  first  appearance  of  plants  or  animals  upon  the  globe,  have 
named  it  Azoic — the  lifele^js  age  of  geological  history.  But  the  abs(.»nce  of 
any  hitherto  detected  trace  of  organic  existence  among  the  oldest  known 
rucks  cannot  be  held   to   prove  that  these  rocks  were   formed   l>efore   the 
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advent  of  living  things  on  the  surface  of  the  e^rth.  The  chance  discovery 
of  a  single  fossil,  which  might  at  any  moment  be  made,  would  show  the 
name  "  Azoic  '*  to  be  a  misnomer.  Other  geologists,  believing  that,  as  a 
matter  of  fact,  organic  structures  of  low  types  do  afctually  occur  in  them, 
have  called  these  old  rocks  "  Eozoic,"  to  denote  that  they  were  deposited 
during  the  dawn  of  life  upon  our  planet.  But  the  supposed  organisms 
have  not  been  everywhere  accepted  as  evidence  of  former  life.  By  many 
able  observers  they  are  regarded  as  mere  mineral  aggregates.  Another 
term,  "  Archaean,"  has  been  proposed  for  the  primeval  ages  of  geological 
history,  which  are  recorded  in  rocks  tliat  carry  us  as  far  as  may  ever  l^e 
possible  towards  the  beginnings  of  that  history. 

In  choosing  some  general  term  to  include  the  oldest  known  parts  of  the 
earth's  crust,  geologists  are  apt  unconsciously  to  assume  that  the  rocks  thus 
classed  together  represent  a  definite  section  of  geological  time,  comparable, 
for  instance,  to  that  denoted  by  one  of  the  FalaBozoic  systems.  Yet  it  is 
obvious  that,  under  one  of  these  general  terms  of  convenient  classification,  a 
most  multifarious  series  of  rocks  may  be  included,  representing  not  one  but 
possibly  many,  and  widely  separated,  periods  of  geological  history. 

In  many  countries  tlie  oldest  sedimentary  accumulations,  whetlier 
fossiliferous  or  not,  are  underlain  by  a  series  of  crystalline  rocks,  whicli 
consist  in  great  part  of  coai'se  massive  gneisses  and  other  schista  All  over 
the  world  these  rocks  present  a  singular  sameness  of  structure  and  composi- 
tion. What  might  be  found  l)elow  them  no  man  can  say.  Tliey  are  in 
each  country  the  oldest  rocks  of  wliich  anything  is  yet  known,  and  whatso- 
ever may  be  our  theory  of  their  origin,  we  must,  at  least  for  the  present, 
stiirt  from  them  as  the  fundamental  platform  of  the  terrestrial  crust. 

But  though  crystalline  rocks  of  this  persistent  chai*acter  are  widely 
distributed,  both  in  the  Old  World  and  in  the  New,  they  in  themselves 
furnish  no  means  of  determining  their  precise  geological  age.  No  method 
has  yet  been  devised  whereby  the  oldest  gneiss  of  one  country  can  l)e  shown 
to  be  the  true  stratigraphical  equivalent  of  the  oldest  gneiss  of  another. 
Palaeontology  is  here  of  no  avail,  and  Petrology  has  not  yet  provided  us 
with  such  a  genetic  scheme  as  will  enable  us  to  make  use  of  minerals  and 
rock -structures,  as  we  do  of  fossils,  in  the  determination  of  geological 
horizons.  All  that  can  be  positively  affirmed  regarding  the  stratigraphical 
relations  of  the  rocks  in  question  is  that  they  are  vastly  more  ancient  than 
the  oldest  sedimentary  and  fossiliferous  formations  in  each  country  where 
they  are  found.  The  "  I^wisian  "  gneiss  of  the  north-west  of  Scotland,  the 
"  Urgneiss "  of  Central  Europe,  and  the  "  Laurentian "  gneiss  of  Canada 
occupy  similar  stratigraphical  positions,  and  present  a  close  resemblance  in 
lithological  characters.  We  may  conveniently  class  them  under  one  common 
name  to  denote  tliis  general  relationship.  But  we  have,  as  yet,  no  means  of 
determining  liow  far  they  belong  to  one  continuous  period  of  geological 
history.     Tliey  may  really  be  of  vastly  different  degrees  of  antiquity. 

From  the  very  nature  of  the  case,  any  name  by  which  we  may  choose  to 
designate  such  ancient  rocks  cannot  possess  the  precise  stratigraphical  value 
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of  the  terms  applied  to  the  fossiliferous  formations.  Yet  the  convenience  of 
pofisessing  such  a  general  descriptive  epithet  is  obvious. 

Until  much  more  knowledge  of  the  subject  has  been  gained,  any 
terminology  which  may  be  proposed  must  be  regarded  as  more  or  less 
provisional.  The  comprehensive  term  "  pre- Cambrian  "  may  be  usefully 
adopted  as  a  general  designation  for  all  rocks  older  than  the  base  of  the 
Cambrian  system,  irrespective  of  their  nature  and  origin.  Already  it  is  well 
known  that  under  this  term  a  vast  series  of  rocks,  igneous  and  sedunentar}', 
is  included.  In  some  regions  several  successive  formations,  or  systems  of 
formations,  may  be  recognized  in  this  series.  But  until  some  method  has 
been  devised  for  determining  the  stratigraphiciil  relations  of  these  formations 
in  different  regions,  it  would  seem  safest  not  to  attempt  to  introduce  general 
names  for  imiversal  adoption,  but  to  let  the  secjuence  of  rocks  in  each  distinct 
geological  province  be  expressed  by  a  local  terminology.  This  caution  is 
more  especially  desirable  in  the  case  of  sedimentary  deposits.  We  may 
surmise  as  to  the  equivalence  of  the  rociks  called  Huronian,  Torridoniau 
and  Longmyndian,  but  whilst  so  much  is  mere  conjecture,  it  is  certainly 
injudicious  to  transfer  the  local  names  of  one  province  to  the  rocks  of  another. 

The  only  relaxation  of  this  general  precaution  which  I  think  may  at 
present  be  made  is  the  adoption  of  a  common  name  for  the  oldest  type  of 
gneisses.  The  term  "  Archaean  "  has  been  applied  to  these  rocks,  and  if  it 
is  used  simply  to  express  a  common  petrographical  type,  occupying  the 
lowest  horizon  in  the  stratigraphical  series  of  a  country,  it  has  obvious 
advantages.  But  I  would  still  retain  the  local  names  as  subordinate  terms 
to  mark  the  local  characteristics  of  the  Archaean  rocks  of  eacli  province. 
Thus  the  "  Laurentian "  rocks  of  Canada  and  tlie  "  I^wisian "  rocks  of 
Scotland  are  widely-separated  representatives  of  tlie  i)eculiar  stratigraphical 
series  which  is  known  as  Archaean. 

The  pre-Cambrian  rocks  of  Britain  include  several  distinct  systems  or 
groups.  How  far  those  of  even  one  part  of  this  comparatively  limited 
region  are  the  proper  equivalents  of  those  of  another  and  distant  part  is  a 
problem  still  unsolved.  Hence  eaeh  distinct  area,  with  its  own  type  of  rocks, 
will  here  be  treated  by  itself.  The  following  rock-types  will  be  described : 
I.  The  Lewisian  (Archaean)  Gneiss ;  il.  The  Younger  (Dalradian)  Schists 
of  Scotland ;  ill.  The  Gneisses  and  Schists  of  Anglesey ;  iv.  The  Uriconian 
Group ;  v.  The  Malvern  Group  ;  vi.  The  Charnwood  Forest  Group  (see  Map  I.). 

i.    THE    LEWISIAN    (AKCHAEAN)    GNEISS 

The  British  Isles  are  singularly  fortunate  in  possessing  an  admirable 
development  of  pre-Cambrian  rocks.  These  ancient  masses  rise  up  in 
various  parts  of  the  islands,  but  the  region  wliere  they  are  most  extensively 
displayed,  and  where  their  stratigraphical  position  and  sequence  are  most 
clearly  shown,  lies  in  the  north-west  of  Scotland.^      In  that  territory  tliey 

*  These  rocks  have  been  the  sulyect  of  much  discussion,  ])ut  geologists  arc  now  agreed  as  to 
their  succession  and  structure.  A  lull  summary  of  the  literature  of  the  controversy  regarding 
them  will  l>e  found  in  the  Qiuirterli/  Journal  of  the  <tcohnjical  StH'icty^  vol.  xliv.  (1888),  j).  378. 
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form  the  whole  chain  of  the  Outer  Hehrides,  and  likewise  extetid  as  iiu 
irregular  selvage  along  the  western  margin  of  the  counties  of  Sutherland 
and  Ross.  The  lowest  known  platform  of  the  fossiliferoue  formations  has 
there  been  discovered  and  has  l>een  traced  for  a  distance  of  more  tliaii  100 
miles.  From  this  definite  horizon,  the  high  antiquity  of  all  that  lies 
below  it  is  impressively  demonstrated.  The  accompanying  diagram  (Fig- 
35)  will  explain  tlie  general  relations  of  tlie  various  geological  formations 
of  the  region. 

In  certain  dark  nliales  (J)whicli  occupy  a  well-defined  and  readily -traceable 
position  among  tlie  rocks  of  Sutherland  and  Ross,  numerous  specimens  of 
the  trilobite  genus  Ohnellus,  togetlier  with  other  fossils,  have  been  found. 
By  common  consent  among  geolt^sts,  the  zone  of  rock  in  whicli  this  genus 
appears  is  taken  as  tlie  lowest  stage  of  the  Cambrian  system.  In  Britain 
it  marks  the  oldest  known  group  of  fossilifcrous  strata — the  platform  on 
which  the  whole  of  the  Palfeozoie  systems  rest. 

From  the  definite  geological  eiMKrii  indie^ited  by  this  platform,  we  can  go 
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backward  into  pre-Cambrian  time,  and  realize  in  some  measure  how  pro- 
digious must  be  the  antiquity  of  the  successive  groups  of  rock  which  einei^ 
from  l)eneath  the  base  of  the  I'alieozoic  systems.  Nowhere  is  this  antiquity 
more  impressively  proclaimed  than  in  the  uortli-west  of  Scotland.  From 
below  the  Olfnellus-zoiie  with  its  underlying  sheets  of  quartzite  (a),  a  thick 
group  of  dull  red  sandstones  and  conglomerates  (II.)  rises  into  a  series  of 
detached  conical  or  pyramidal  mountains,  which  form  one  of  the  most 
characteristic  features  in  the  scenery  of  that  region.  As  this  detrital  forma- 
tion is  well  developed  around  Locli  Torridon,  it  has  been  termed  Torridoniau, 
It  attains  a  thickness  of  at  least  8000  or  10,000  feet,  and  is  traceable  all 
the  way  from  the  extreme  northern  headlands  of  Sutherland  to  the  soutliern 
cliffs  of  the  island  of  Rmu. 

In  judging  of  the  chronological  significance  of  the  geological  structure 
of  the  north-west  of  Scotland,  we  are  first  impressed  by  the  strati  graphical 
break  between  the  Ijase  of  the  Cambrian  system  and  the  Torridonian 
deposits  l)elow.     This  break  is  so  complete  that   here  and  there  the  thick 
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intervening  mass  of  sandstones  and  conglomerates  has  been  nearly  or 
wholly  removed  by  denudation  before  the  lowest  Caniljrian  strata  were 
laid  down.  Such  a  discordance  marks  the  passage  of  a  protracted  interval 
of  time. 

Again,  when  the  composition  of  the  Torridonian  rocks  is  considered, 
further  striking  evidence  is  obtained  of  the  lapse  of  long  periods.  The 
sandstones,  conglomerates  and  shales  of  this  pre-Cambrian  system  present 
no  evidence  of  cataclysmal  action.  On  the  contrary,  they  l)ear  testimony 
that  they  were  accumulated  much  in  the  same  way  and  at  the  same  rate 
as  the  subsequent  Palaeozoic  systems.  In  that  primeval  period,  as  now, 
sand  and  silt  were  spread  out  under  lakes  and  seas,  were  ripple-marked  by 
the  agitation  of  the  water,  and  were  gradually  buried  under  other  layers  of 
similar  sediment.  The  accumulation  of  10,000  feet  of  such  gradually- 
assorted  detritus  must  have  demanded  a  long  series  of  ages.  Here,  tlien,  in 
the  internal  structure  of  the  Torridonian  rocks,  there  is  proof  that  in 
passing  across  them,  from  their  summit  to  their  base,  we  make  another  vast 
stride  backward  into  the  early  past  of  geological  history. 

But  when  attention  is  directed  to  tlie  relations  of  tlie  Torridonian  strata 
to  the  rocks  lieneath  them,  a  still  more  striking  proof  of  an  enormously 
protracted  period  of  time  is  obtained.  Between  the  two  series  of  formations 
lies  one  of  the  most  marked  stratigraphical  breaks  in  the  geological  structure 
of  the  British  Isles.  There  is  absolutely  nothing  in  common  between  them, 
save  that  the  con^rlomerates  and  sandstones  have  been  lari^elv  made  out  of 
the  waste  of  the  underlying  gneiss.  The  denudation  of  tlie  crystalline 
rocks  before  the  deposition  of  any  of  tlie  Torridonian  sediments  must  have 
Ijeen  prolonged  and  gigantic.  The  more,  indeed,  we  study  tlie  gneiss,  the 
more  do  we  feel  impressed  by  the  evidence  for  the  lapvse  of  a  vast  interval 
of  time,  here  unrecorded  in  rock,  between  the  last  terrestrial  movements 
indicated  by  the  gneiss  and  the  earliest  of  the  Torridonian  sediments. 

In  this  manner,  reasoning  backward  from  the  horizon  of  the  Olcnellus- 
zone,  we  are  enabled  to  form  some  cona>ption  of  the  vastness  of  the  antiquity 
of  the  fundamental  rocks  of  the  North-west  Highlands.  The  nature  and 
origin  of  these  rocks  acquire  a  special  interest  from  a  consideration  of  tht»ir 
age.  They  contain  the  chronicles  of  the  very  l)eginnings  of  geological 
history,  in  so  far  as  this  history  is  contained  in  the  crust  of  the  earth. 
Xo  part  of  the  geological  record  is  so  obscure  as  this  earliest  chapter,  but 
we  need  not  here  enter  further  into  its  difficulties  than  may  Ijc  nt^*essary 
for  the  purpose  of  understanding  what  light  it  can  be  made  to  throw  on 
the  earliest  manifestations  of  volcanic  action. 

Under  the  term  Lewisian  Gneiss  (I.  in  Fig.  35)  a  series  of  rocks  is  com- 
prised which  differ  from  each  other  in  composition,  structure  and  age, 
though  most  of  them  possess  such  crystalline  and  generally  foliated  characters 
as  may  be  conveniently  included  under  the  designation  of  gneiss.  The  com- 
plexity of  these  ancient  crystalline  masses  was  not  recognized  at  the  time 
when  Miirchison  called  them  the  "  Fundamental "  or  "  Lewisian  "  gneiss. 
It  is  only   since   the   Geological   Survey   began   to   study  and   map  them 
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in  full  detail  that  their  true  nature  and  history  have  begun  to  be  under- 
stood.^ 

The  researches  of  the  Survey  have  shown  the  so-called  Lewisian 
gneiss  to  comprise  the  following  five  groups  of  rock :  1.  A  group  of 
various  more  or  less  banded  and  foliated  rocks  which  form  together  the 
oldest  and  chief  part  of  the  gneiss  (Fundamental  complex) ;  2.  Highly  basic 
dykes  cutting  the  first  group ;  3.  Dykes  and  sills  of  dolerite,  epidiorite  and 
hornblende-scliist ;  4.  A  few  dykes  of  peculiar  composition ;  5.  Gneissose 
granite  and  pegmatite. 

The  first  of  these  groups,  forming  the  main  body  of  the  gneiss,  has 
been  critically  studied  on  the  mainland  from  Cape  Wrath  to  Skye.  But 
its  development  in  the  Outer  Hebrides  has  not  yet  been  worked  out, 
although  the  name  "  Lewisian  "  was  actually  taken  from  that  chain  of 
islands.  So  far  as  at  present  known,  however,  the  gneiss  of  the  Hebrides 
repeats  the  essential  characters  of  that  of  the  mainland. 

Mr.  Teall,  as  the  result  of  a  careful  investigation  in  the  field  and  witli 
the  microscope,  has  ascertained  that  on  the  mainland  between  Skye  and 
Cape  Wrath  tlie  rocks  of  the  "  fundamental  complex  "  are  essentially  com- 
posed of  olivine,  liypersthene,  augite  (including  diallage),  hornblende, 
biotite,  plagioclase,  orthoclase,  microcline  and  quartz.  He  has  further 
observed  that  these  minerals  are  associated  together  in  the  same  manner  as 
in  peridotites,  gabbros,  diorites  and  granites.  Treating  the  rocks  in 
accordance  with  their  composition  and  partly  with  their  structure,  but 
excluding  theoretical  considerations,  he  has  arranged  them  in  the  following 
five  subdivisions : — 

1.  Rocks  couiposed  of  ferro-magnesian  niiiierals,  without  felspar  or  quartz — Pyioxe- 

uites,  Horiiblenditcs. 

2.  Rocks  in  wliicli  pyroxenes  are  the  dominating  ferro-magnesian  constituents,  fekjmr 

always  being  present,  sometimes  quartz :  A,  Without  quartz,  Hypersthene- 
augite- rocks  (j>}nx)xene  granulites ;  rocks  of  the  Baltimore -gabbro  type)  and 
augite-rocks  (gdbbix^s) ;  B,  With  quartz,  Augite-gneiss. 

3.  Rocks  in  which  hornblende  is  the  prevalent  ferro-magnesian  constituent :  A,  With- 

out quartz,  or  containing  it  only  in  small  quantity  ;  rocks  basic  in  composition  : 
(a)  massive  or  only  slightly  foliate  (Amphibolites,  as  epidote-amphibolite, 
zoi8ite-amphilK)lite,  ganiet-amphibolite) ;  (6)  foUatod  (Hornblende -8chL«*t).  B, 
With  quartz  ;  rocks  intermediate  or  acid  in  composition  :  (a)  with  compact 
hornblende  and  a  granular  structure  (Hornblende-gneiss  proper) ;  (6)  with  horn- 
blende occurring  in  libi-oiw  or  other  aggregates ;  (c)  with  compact  hornblende 
and  a  moi-e  or  less  granulitic  structure  (Granulitic  hornblende-gneiss). 

4.  Rocks  in  which  biotite  is  the  predominant  ferro-magnesian  constituent ;  felspar  and 

quartz  l)oth  i)resent :  (a)  Biotite  occurring  as  independent  plates  or  in  aggre- 
gates of  two  or  three  large  individuals  (Biotite-gneiss)' ;  (6)  Biotite  occurring  in 
aggregates  of  numerous  small  individuals  (rare  type) ;  (c)  Biotite  occurring  as 
independent  plates  in  a  granulitic  structure. 

5.  Rocks  in  which  muscovite  and  biotit«  are  present,  together  with  felspar  and  quaitz 

— Muscovit<i-biotite-gneiss.     These,  though  not  forming  a  well-defined  natural 


*  See  the  Rei)ort  of  this  Survey  work  by  Messrs.  Peach,  Home,  Gunn,  Clough,  Cadell  and 
Hinxman,  Quart.  Joum.  Oeol.  Soc,  vol.  xliv.  (1888),  pp.  378-441 ;  and  Annual  Reports  of  Director- 
General  of  the  Geological  Survey  in  the  Report  of  The  Science  and  Art  Departnitnt  for  1894,  ]». 
279,  and  1895,  p.  17  of  reprint.     The  general  area  of  the  gneiss  is  shown  in  Map  I. 
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group,  are  placed  together  for  purposes  of  description.  Tliey  are  all  foliated, 
some  having  the  aspect  of  niica-schistfi,  others  being  typical  augen -gneisses, 
or  light  grey  gneisses  with  almndant  oligocltise  and  inclusions  of  niicrolitic 
epidote. 

The  rocks  of  each  of  these  types  are  usually  restricted  to  relatively 
small  areas,  and  they  succeed  each  other  with  much  irregularity  all  the  way 
from  Skye  to  Cape  Wrath.  Their  chemical  and  mineralogical  composition 
proves  them  to  have  decided  affinities  with  the  plutonic  igneous  masses  of 
the  earth's  crust. 

The  only  exceptions  to  this  prevalent  igneous  type  occur  in  the 
districts  of  Gairloch  and  Ix)ch  Carron,  where  the  gneiss  appears  to  be 
associated  with  a  group  of  mica-schists,  graphitic-schists,  quartzites  and 
siliceous  granulites,  limestones,  dolomites,  chlorite-schists  and  other  schists. 
That  these  are  altered  sedimentary  formations  can  hardly  be  doubted. 
What  their  precise  relations  to  the  fundamental  complex  of  the  gneiss  may 
be  has  not  yet  been  satisfactorily  determined.  They  are  certainly  far  older 
than  the  Ton-idon  sandstone  which  covers  them  unconformably.  Possibly 
they  may  represent  a  sedimentary  formation  still  more  ancient  than  the 
gneiss. 

Save  these  obscure  relics  of  a  pre-Torridonian  system  of  strata,  the 
gneiss  never  presents  any  structure  which  suggests  the  alteration  of  clastic 
constituents.  Everywhere  its  mineral  composition  points  to  a  connection 
with  the  subterranean  intrusions  of  different  igneous  magmas,  while  the 
manner  in  which  its  different  rock-groups  are  associated  together,  and  the 
internal  structure  of  some  of  tliem,  still  further  link  it  with  phenomena 
which  will  be  described  in  succeeding  chapters  as  parts  of  the  records  of 
volcanic  action. 

An  interesting  feature  of  the  fundamental  complex,  as  l^earing  on  the 
origin  of  the  gneiss,  is  to  be  found  in  the  occurrence  of  bosses  and  bands 
which  are  either  non-foliated  or  foliated  only  in  a  slight  degree.  These 
comparatively  structureless  portions  present  much  of  the  character  of  bosses 
or  sills  of  true  eruptive  rocks.  They  occur  in  various  parts  of  Sutherland 
and  Boss.  Their  external  margins  are  not  well  defined,  and  they  pass 
insensibly  into  the  ordinary  gneiss,  the  dark  basic  massive  rocks  shading 
off  into  coarse  basic  gneisses,  and  the  pegmatites  of  quartz  and  felspar 
which  traverse  them  merging  into  bands  of  grey  quartzose  gneiss. 

So  far,  therefore,  as  present  knowledge  goes,  the  main  body  or  funda- 
mental complex  of  the  Lewisian  gneiss  in  the  North-west  Highlands  of 
Scotland  consists  of  what  may  have  been  originally  a  mass  of  various 
eruptive  rocks.  It  has  subsequently  undergone  a  succession  of  deformation^^ 
from  enormous  stresses  within  the  terrestrial  crust,  which  have  ])een 
investigated  with  great  care  by  the  Greological  Survey.  But  it  presents 
structures  which,  in  spite  of  the  abundant  proofs "  of  great  mechanical 
deformation,  are  yet,  I  venture  to  think,  original,  or  at  least  belong  to  the 
time  of  igneous  protrusion  before  deformation  took  place.  The  alternation 
of  rocks  of  different  petrographical  constitution  suggests  a   succession  of 
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extravasations  of  eruptive  materials,  though  it  may  not  be  always  possible 
now  to  determine  the  order  in  which  these  followed  each  other.  In  the 
feebly  foliated  or  massive  bands  and  bosses  there  is  a  parallel  arrangement 
of  their  constituent  minerals  or  of  fine  and  coarse  crystalline  layers  whidi 
reciiUs  sometimes  very  strikingly  the  flow -structure  of  rhyolites  and 
other  lavas.  This  resemblance  was  strongly  insisted  on  by  Poulett  Scroj^e, 
who  believed  that  the  laminar  structure  of  such  rocks  as  gneiss  and  mica- 
schist  was  l)est  explained  by  the  supposition  of  the  flow  of  a  granitic  magma 
under  great  pressure  within  the  earth's  crust.^ 

The  conviction  that  these  i)arallel  structures  do,  in  some  cases,  really 
represent  traces  of  movements  in  the  original  unconsolidated  igneous 
masses,  not  yet  wholly  effaced  by  later  mechanical  stresses,  has  been  greatly 
strengthened  in  my  mind  by  a  recent  study  of  the  structures  of  various 
eruptive  bosses,  especially  those  of  gabbro  in  the  Tertiary  volcanic  series  of 
the  Inner  Hebrides.  The  banded  structure,  the  separation  of  the  con- 
stituent minerals  into  distinct  layers  or  zones,  the  alternation  of  markedly 
basic  with  more  acid  layers,  and  tlie  puckering  and  plication  of  those  bands, 
can  be  seen  as  perfectly  among  the  Tertiary  gabbro  bosses  of  Skye  as  in 
the  Lewisian  gneiss  (see  Figs.  336  and  337).  It  cannot  be  contended  that 
such  structures  in  tlie  gabbro  are  due  to  any  subsequent  terrestrial  disturb- 
ance and  consequent  deformation.  They  must  be  accepted  as  part  of  the 
original  structure  of  the  molten  magma.^  It  seems  to  me,  therefore,  highly 
probable  that  tlie  parallel  banding  in  the  uncrushed  cores  of  the  Lewisian 
gneiss  reveals  to  us  some  of  tlie  movements  of  the  original  magma  at  the 
time  of  its  extrusion  and  l)efore  it  imderwent  those  great  mechanical 
stresses  which  have  so  largely  contributed  to  tlie  production  of  many  of  its 
most  characteristic  structures. 

While  the  material  of  the  oldest  gneiss  presents  many  affinities  to  plutonic 
rocks  of  much  younger  date,  a  wide  region  of  mere  speculation  opens  out 
when  we  try  to  picture  the  conditions  under  which  this  material  was 
accumulated.  Some  geologists  have  boldly  advanced  the  doctrine  that  the 
Archaean  gneisses  represent  the  earliest  crust  that  consolidated  upon  the 
surface  of  the  globe.  But  these  rocks  offer  no  points  of  resemblance  to  the 
ordinary  aspect  of  superficial  volcanic  ejections.  On  the  contrary,  the 
coarsely-crystalline  condition  even  of  those  portions  of  the  gneiss  which 
seem  most  nearly  to  represent  original  structure,  the  absence  of  anything 
like  scoriae  or  fragmental  bands  of  any  kind,  and  the  resemblances  which 
may  be  traced  between  parts  of  the  gneiss  and  intrusive  bosses  of  igneous 
rock  compel  us  to  seek  the  nearest  analogies  to  the  original  gneiss  in  deep- 
seated  masses  of  eruptive  material.  It  is  difficult  to  conceive  that  any 
rocks  approaching  in  character  to  the  gabbros,  picrites,  granulites  and 
other  coarsely-crystalline  portions  of  the  old  gneiss  could  have  consolidated 
at  or  near  the  surface. 

When    the    larger    area    of   gneiss    forming    the  chain   of  the   Outer 

J   Volcanoes,  pp.  140,  283,  299. 
*  See  A.  Geikie  and  ^.  J.  H.  Teall,  Quart.  Jo^irn,  Geol.  Soc.  vol.  1.  (1894),  p.  645. 
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Hebrides  is  studied,  we  may  obtain  additional  information  regarding  the 
probable  origin  and  the  earliest  structures  of  the  fundamental  complex  of 
the  Lewisian  gneiss.  In  particular,  we  may  look  for  some  unfoliated 
cores  of  a  more  acid  character,  and  perhaps  for  evidence  which  will  show 
that  both  acid  and  basic  materials  were  successively  protruded.  We  may 
even  entertain  a  faint  hope  that  some  trace  may  te  discovered  of  superficial 
or  truly  volcanic  products  connected  with  the  bosses  which  recall  those  of 
later  date  and  obviously  eruptive  nature.  But  up  to  the  present  time  no 
indication  of  any  such  superficial  accompaniments  has  been  detected.  If 
any  portions  of  the  old  gneiss  represent  the  deeper  parts  of  columns  of 
molten  rock  that  flowed  out  at  the  surface  as  lava,  with  discharges  of  frag- 
mentary materials,  all  this  superincumbent  material,  at  least  in  the  regions 
which  have  been  studied  in  detail,  had  disappeared  entirely  l)efore  the 
deposition  of  the  very  oldest  part  of  the  Torridonian  rocks,  unless  some 
trace  of  it  may  remain  among  the  pebbles  of  the  Torridonian  conglomerates, 
to  which  i-eference  will  be  inmiediately  made. 

So  far,  then,  as  the  evidence  now  available  allows  a  conclusion  to  be 
drawn,  the  Lewisian  gneiss  reveals  to  us  a  primeval  group  of  eruptive  rocks 
presenting  a  strong  resemblance  to  some  wliich  in  later  formations  are  con- 
nected, as  underground  continuations,  with  bedded  lavas  and  tuffs  that 
were  erupted  at  the  surface ;  and  although  no  proof  has  yet  been  obtained 
of  true  volcanic  ejections  associated  with  the  fundamental  complex,  the 
rocks  seem  to  be  most  readily  understood  if  we  regard  them  as  having 
consolidated  from  igneous  fusion  at  some  depth,  and  we  may  plausibly  infer 
that  they  may  have  been  actually  connected  with  the  discharge  of  volcanic 
materials  at  the  surface.  The  graphite-schists,  mica-schists,  and  lime- 
stones of  the  Gairloch  and  Loch  Carron  may  thus  te  surviving  fragments 
of  the  stratified  crust  into  which  these  deep-seated  masses  were  intruded, 
and  through  which  any  volcanic  eruptions  that  were  connected  with  them 
had  to  make  their  way. 

The  limited  areas  occupied  by  the  several  varieties  of  rock  in  the 
fundamental  complex  suggests  the  successive  protrusion  of  different  magmas, 
or  of  different  portions  from  one  gradually  changing  magma.  Mr.  Teall 
has  ascertained  that  whenever  in  this  series  of  rocks  the  relative  ages  of 
two  petrographical  types  Ciin  be  clearly  ascertained,  the  more  basic  is  older 
than  the  more  acid. 

But  besides  all  the  complexity  arising  from  original  diversity  of  area, 
structure  and  composition  among  the  successive  intrusions,  a  further 
intricacy  has  been  produced  by  the  subsequent  terrestrial  disturbances,  which 
on  a  gigantic  scale  affected  the  north-west  of  Europe  after  the  formation  of 
the  fundamental  complex  of  the  old  gneiss,  but  long  before  the  Torridonian 
period.  By  a  series  of  terrestrial  stresses  that  came  as  precursors  of  those 
which  in  later  geological  times  worked  such  great  changes  among  the  rocks 
of  the  Scottish  Highlands,  the  original  bosses  and  sheets  of  the  gneiss  were 
compressed,  plicated,  fractured  and  rolled  out,  aecjuiriug  in  this  process  a 
crumpled,   foliated   structure.      Whether   or    not    these   disturbances   were 
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accompanied  by  any  manifestations  of  superficial  volcanic  action  has  not 
yet  been  determined.  But  we  know  that  they  were  followed  by  a  succes- 
sion of  dyke-eruptions,  to  wliich,  for  extent  and  variety,  there  is  no  parallel 
in  the  geological  structiire  of  Britain,  save  in  the  remarkable  assemblage 
of  dykes  Ijelonging  to  the  Tertiary  volcanic  period '  (Fig.  36). 


For  the  production  of  these  dykes  a  series  of  fissures  was  first  opened 
through  the  fundamental  complex  of  the  gneiss,  having  a  general  trend 
from  E.y.E.  to  W.N.W.,  running  in  i)arallel  lines  for  many  miles,  and  so 
close  together  in  some  places  that  fifteen  or  twenty  of  them  occurred 
within  a  horizontal  space  of  one  mile.  The  fissures  were  probably  not  all 
formed  at  the  same  time;  at  all  events,  the  molten  materials  that  rose  in 
them  exhibit  distinct  evidence  of  a  succession  of  upwellings  from  the 
igneous  magma  below. 

Considered  simply  from  the  petrographical  point  of  view,  tlie  materials 
that  have  filled  the  fissures  have  been  arranged  by  Mr.  Teall  in  the  follow- 
ing groups:  1.  Ultra-basic  dykes,  sometimes  massive  (peridotites),  some- 
times foliated  (talcoae  schists  containing  carbonates  and  sometimes  gedrite) ; 

2.  Basic  dykes  wliich  where  massive  take  the  forms  of  dolerite  and  epi- 
diorite,  and  where  foliated  appear  as  horn blende-scl list,  the  same  dyke  often 
presenting  the  three  conditions  of  dolerite,  epidiorite  and  hornblende-schist; 

3.  Dykes  of  peculiar   composition,  comprising   microcline-mica  rOcks  and 

'  Qitart.  Joum.  Oeol.  Soc.  vol.  xlh.  (1888),  p.  389  et  seq. 
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biotite-diorite  with  macro-poikilitic  plagioclase ;  4.  Granites  and  gneissose 
granites  (biotite-granite  with  microcline) ;  5.  Pegmatites  (microcline-quartz 
rocks  with  a  variable  amount  of  oligoclase  or  albitey 

Distinct  evidence  of  a  succession  of  eruptions  can  be  made  out  among 
these  rocka  By  far  the  largest  proportion  of  the  dykes  consists  of  basic 
materials.  The  oldest  and  most  abundant  of  them  are  of  plagioclase-augite 
rocks,  which,  where  uncrushed,  differ  in  no  essential  feature  of  structure  or 
composition  from  the  dolerites  and  basalts  of  more  modern  periods,  though 
they  have  been  plentifully  changed  into  epidiorite  and  hornblende-schist." 
They  present,  too,  most  of  the  broad  features  tliat  characterize  the  dykes 
of  later  times — the  central  more  coarsely-crystalline  portion,  tlie  marginal 
band  of  finer  grain,  passing  occasionally  into  what  was  probably  a  basic 
glass,  and  the  transverse  jointing.  They  belong  to  more  than  one  period 
of  emission,  for  they  cross  each  otlier.  They  vary  in  width  up  to  nearly 
200  feet,  and  sometimes  run  with  singular  persistence  completely  across 
the  whole  breadth  of  the  strip  of  gneiss  in  the  west  of  Sutherland  and 
Soss.  Dozens  of  dykes  have  been  followed  l)y  the  Geological  Survey  for 
distances  of  ten  or  twelve  miles. 

Later  in  time,  and  much  less  abundant,  are  certain  liighly  basic  dykes 
— ^peridotites  with  schistose  modifications — whicli  cut  across  the  dolerites 
in  a  more  nearly  east-and-west  direction.  There  are  likewise  occasional 
dykes  of  peculiar  composition,  which,  as  above  stated,  have  been  distinguished 
by  Mr.  Teall  as  microcline-mica  rocks  and  biotite-diorite. 

Last  of  all  comes  a  group  of  thoroughly  acid  rocks — varieties  of  granite 
and  pegmatite — which  form  intrusive  sheets  and  dykes.  The  granites 
contain  biotite  with  microcline,  and  are  sometimes  gneissose.  The  i)egma- 
tites  are  microcline-quartz  rocks  with  a  variable  amount  of  oligoclase  or 
albite.  These  dykes  coincide  in  direction  with  the  basalts  and  dolerites, 
but  they  are  apt  to  nm  together  into  belts  of  granite  and  pegmatite,  some- 
times 1500  feet  broad. 

Up  to  the  present  time  no  evidence  has  been  found  of  any  superficial 
outpouring  of  material  in  connection  with  this  remarkable  series  of  dykes 
in  the  Lewisian  gneiss.  That  they  may  have  been  concomitant  with  true 
volcanic  eruptions  may  be  plausibly  inferred  from  tlie  close  analogy  whicli, 
in  spite  of  their  antiquity  and  the  metamorphism  they  have  undergone,  they 
still  present  to  the  system  of  dykes  that  forms  a  part  of  the  great  Tertiary 
volcanic  series  of  Antrim  and  the  Inner  Hebrides.  The  close-set  fissures 
running  in  a  W.N.W  direction,  the  abundant  uprise  into  these  fissures  of 
basic  igneous  rocks,  followed  ))y  a  later  and  more  feeble  extravasation  of 
acid  material,  are  features  which  in  a  singular  manner  anticipate  tlie 
volcanic  phenomena  of  Tertiary  tune. 

There  can  be  no  question  as  to  the  high  antiquity  of  these  dykes. 
They  were  already  in  place  before  the  advent  of  those  extraordinary  vertical 
hnes  of  shearing  which  have  so  greatly  affected  both  the  gneiss  and  the 

*  Annual  Report  of  GeohKjical  Survey  fur  1895,  i».  18  of  reprint. 
«  See  Mr.  Teall,  QmH.  Journ.  Geol.  Soc,  vol.  xli.  (1885),  p.  133. 
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dykes  ;  and  these  movements,  in  turn,  had  long  been  accomplished  before 
the  Torridon  Sandstone  was  laid  down,  for  the  dykes,  with  their  abundant 
deformation,  run  up  to  and  pass  beneath  the  sandstone  which  buries  them 
and  all  the  rocks  with  which  they  are  associated.  Though  later  than  tlie 
original  fundamental  complex,  the  dykes  have  become  so  integral  and 
essential  a  part  of  the  gneiss  as  it  now  exists  that  they  must  be  unhesitat- 
ingly grouped  with  it. 

Witli  so  wide  an  extension  of  the  subterranean  relics  of  volcanic 
energy,  it  is  surely  not  too  much  to  hope  that  somewhere  there  may  have 
been  preserved,  and  may  still  be  discovered,  proofs  that  these  eruptive  rocks 
opened  a  connection  with  the  surface,  and  that  we  may  thus  recognize 
vestiges  of  the  superficial  products  of  actual  Archaean  volcanoes.  Among 
the  pebbles  in  the  conglomerates  of  the  Torridon  Sandstone  there  occur, 
indeed,  fragments  of  felsites  which  possess  great  interest  from  the  perfection 
with  which  they  retain  some  of  the  characteristic  features  of  younger 
lavas.  Mr.  Teall  has  described  their  minute  structure.  They  are  dark, 
purplish,  compact  rocks,  consisting  of  a  spherulitic  micro-pegmatitic,  micro- 
poikilitic  or  micro-crystalline  groundmass,  in  which  are  imbedded  porphy- 
ritic  crystals  or  ciystal-groups  of  felspar,  often  oligoclase.  These  spherulitic 
rocks  occasionally  show  traces  of  perlitic  structure.  They  bear  a  striking 
resemblance  to  some  of  the  Uriconian  felsites  of  Shropshire,  pebbles  from 
which  occur  in  the  Longmynd  rocks.^  These  fragments  suggest  the 
existence  of  volcanic  materials  at  the  surface  when  the  Torridon  Sandstone 
was  deposited.  Possibly  they  may  repi-esent  some  vanished  Lewisian  lavas. 
But  the  time  l>etween  the  uprise  of  the  dykes  and  the  formation  of  the 
Torridonian  series  was  vast  enough  for  the  advent  of  many  successive 
volcanic  episodes.  The  pebbles  may  therefore  be  the  relics  of  eruptions 
that  took  place  long  after  the  period  of  tlie  dykes. 

Among  the  Torridonian  strata  no  undoubted  trace  of  any  contempor- 
aneous volcanic  eruptions  lias  been  met  with.^  The  only  relics  of  volcanic 
rocks  in  this  enormous  accumulation  of  sediments  are  the  pebbles  just 
referi'ed  to,  which  may  be  referable  to  a  time  long  anterior  to  the  ver}' 
oldest  parts  of  the  Torridonian  series. 

That  Archaean  time  witnessed  volcanic  eruptions  on  a  considerable  scale, 
and  with  great  variety  of  petrographical  material,  has  recently  been  shown 
in  detail  by  Mr.  Otto  Nordenskjold  from  a  study  of  the  rocks  of  Smaland 
in  Sweden.  He  has  described  a  series  of  acid  outbursts,  including  masses 
of  rhyolite  and  dacite,  together  with  agglomerates  and  tuffs,  likewise  basic 
eruptions,  with  dioritic  rocks,  aiigite-porphyrite  and  breccia.  He  refers 
these  rocks  to  the  same  age  as  most  of  the  Scandinavian  gneisses,  and  re- 
marks that  though  they  have  undergone  mucli  mechanical  deformation  and 
metamorphism,  tliey  have  yet  here  and  there  retained  some  of  their  dis- 
tinctive volcanic   structures,  such   as   the  spherulitic.'^      When   the   large 

*  Annual  Jiepirrt  of  Geoltujkal  Survey  for  1895,  ]».  21  of  reprint. 

'  The  supj)09ed  tuff  referred  to  iu  Quart,   Journ.    Geol.  Sac.   vol.   xlviii.  (1892),   p.  168,  is 
probably  not  of  truly  volcanic  origin. 
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area  of  Lewisiaii  gneiss  forming  the  chain  of  the  Outer  Hebrides  is  investi- 
gated it  may  possibly  supply  examples  of  a  similar  series  of  ancient  volcanic 
massea 

ii.    THE    DALRADIAN    OR    YOUNGER    SCHISTS    OF    SCOTLAND 

We  now  come  to  one  of  the  great  gaps  in  the  geological  record.  Tlie 
Lewisian  gneiss  affords  us  glimpses  of  probable  volcanic  activity  at  the  very 
beginning  of  geological  history.  An  enormous  lapse  of  time,  apparently 
unrepresented  in  Britain  by  any  geological  record,  must  be  marked  by  the 
unconformability  between  the  gneiss  and  the  Torridon  Sandstone.  Another 
prodigious  interval  is  undoubtedly  shown  by  the  Torridonian  series.  Neither 
this  thick  accumulation  of  sediment  nor  the  Cambrian  formations,  which  to 
a  depth  of  some  2000  feet  overlie  the  Torridon  Sandstone,  have  yielded 
any  evidence  of  true  superficial  eruptions,  tliough  they  are  traversed  by 
numerous  dykes,  sills  and  bosses.  The  age  of  these  intrusive  masses 
cannot  be  precisely  fixed ;  a  large  proportion  of  them  is  certainly  older 
than  the  great  terrestrial  displacements  and  concurrent  metamorphism  of  the 
North-West  Highlands. 

Wliile  from  the  Lewisian  gneiss  upward  to  the  highest  visible  Cambrian 
platform  in  Sutherland,  no  vestige  of  contemporaneous  volcanic  rocks  is  to 
be  seen,  the  continuity  of  the  geological  record  is  abruptly  broken  at  the 
top  of  the  Durness  Limestone.  By  a  series  of  the  most  stupendous  dis- 
locations, the  rocks  of  the  terrestrial  crust  have  there  been  displaced  to 
such  a  degree  that  portions  have  been  thrust  westward  for  a  horizontal 
distance  of  sometimes  as  much  as  ten  miles,  wliile  they  have  been  so 
crushed  and  sheared  as  to  have  often  lost  entirely  their  original  struc- 
tures, and  to  have  passed  into  the  crystalline  and  foliated  condition  of 
schists.  Portions  of  the  floor  of  Lewisian  gneiss,  and  large  masses  of  the 
Torridon  Sandstone,  which  had  been  buried  under  the  Cambrian  sediments, 
have  been  torn  up  and  driven  over  the  Durness  Limestone  and  ([uartzite. 

Though  much  care  has  been  bestowed  by  the  officers  of  the  Geological 
Survey  on  the  investigation  of  the  complicated  mass  of  material  which, 
pushed  over  the  Cambrian  strata,  forms  the  mountainous  ground  that  lies 
to  the  east  of  a  line  drawn  from  Loch  Eribol,  in  the  north  of  Sutherland,  to 
the  south-east  of  Skye,  some  uncertainty  still  exists  as  to  the  age  and 
history  of  the  rocks  of  that  region.  For  the  purposes  of  this  work, 
therefore,  the  rest  of  the  country  eastwards  to  the  line  of  the  Great  Glen — 
that  remarkable  valley  which  cuts  Scotland  in  two — may  be  left  out  of 
account 

To  the  east  of  the  Great  Glen  the  Scottish  Highlands  display  a  vast 
succession  of  crystalline  schists,  the  true  stratigraphical  relations  of  which 
to  the  Lewisian  gneiss  have  still  to  be  determined,  but  which,  taken  as  a 
whole,  no  one  now  seriously  doubts  must  be  greatly  younger  than  that 
ancient  rock.  Murchison  first  suggested  that  the  quartzites  and  limestones 
found  in  this  newer  series  are  the  equivalents  of  those  of  the  North-West. 
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This  identification  may  yet  be  shown  to  be  correct,  but  must  be  regarded  as 
still  unproved.  Traces  of  fossils  (annelid-pipes)  have  been  found  in  some  of 
the  quartzites,  but  they  afford  little  or  no  help  in  determining  the  horizons 
of  the  rocks.  In  Donegal,  where  similar  quartzites,  limestones  and  schists 
are  well  developed,  obscure  indications  of  organic  remains  (corals  and 
graptolites)  have  likewise  been  detected,  but  they  also  fail  to  supply  any 
satisfactory  basis  for  stratigraphical  comparison. 

Essentially  the  schists  of  tlie  Scottish  Highlands  east  of  the  Great 
Glen  consist  of  altered  sedimentary  rocks.  Besides  quartzites  and  lime- 
stones, there  occur  thick  masses  of  clay-slate  and  other  slates  and  schists, 
with  bands  of  graphitic  schist,  greywacke,  pebbly  grit,  quartzite,  boulder- 
beds  and  conglomerates.  Among  rocks  that  have  been  so  disturbed  and 
foliated  it  is  necessarily  difficult  to  determine  the  true  order  of  succession. 
In  the  Central  Highlands,  however,  a  certain  definite  sequence  has  been 
found  to  continue  as  far  as  the  gi*ound  has  yet  been  mapped.  Were  the 
rocks  always  severely  contorted,  broken  and  placed  at  high  angles,  this 
sequence  might  be  deceptive,  and  le^ve  still  uncertain  the  original  order  of 
deposition  of  the  whole  series.  But  over  many  square  miles  the  angles  of 
inclination  are  low,  and  the  successive  bands  may  Idc  traced  from  hill  to 
hill,  across  strath  and  glen,  forming  escarpments  along  the  slopes  and  out- 
liers on  the  summits,  precisely  as  gently-undulating  beds  of  sandstone  and 
limestone  may  be  seen  to  do  in  the  dales  of  Yorkshire.  It  is  difficult  to 
resist  the  belief,  though  it  may,  perhaps,  be  premature  to  conclude,  that  this 
obvious  and  persistent  order  of  succession  really  marks  the  original  sequence 
of  deposition.  In  Donegal  also  a  definite  arrangement  of  the  rock-groups 
has  been  ascertained  which,  when  followed  across  the  country,  gives  the 
key  to  its  geological  structure.^ 

In  the  order  of  succession  which  has  been  recognized  during  the 
progress  of  the  Geological  Survey  through  the  Central  and  Southern  High- 
lands, it  is  hard  in  many  places  to  determine  whether  the  sequence  that 
can  be  recognized  is  in  an  upward  or  downward  direction.  Two  bands  of 
limestone,  which  appear  to  retain  their  relative  positions  across  Scotland  for 
a  distance  of  some  230  miles,  may  afford  a  solution  of  this  difficulty,  and  if, 
as  is  probable,  they  are  to  be  identified  with  the  similar  limestones  of 
Donegal,  Mayo  and  Galway,  their  assistance  will  thus  be  available  across  a 
tract  of  more  than  400  miles.  What  is  regarded  as  the  lower  zone  of 
limestone  is  particularly  well  seen  about  Loch  Tay  ;  what  is  believed  to  be 
the  upper  is  tyi)ically  displayed  in  the  heart  of  Perthshire,  about  Blair- 
Athol. 

From  under  the  Ix)ch  Tay  Limestone  a  great  thickness  of  mica-schists, 
"  green  schists,"  schistose  grits  and  conglomerates,  slates  and  greywackes, 
emerges  up  to  the  border  of  the  Highlands.  Above  that  calcareous  band 
thick  masses  of  mica-schist  and  sericite-schist  are  succeeded  by  a  well-marked 
zone  of  quartzite,  which  forms  the  mountains  of  Ben-y-Glo  and  Schihallion, 
and  stretches  south-westward  across  Argyllshire  into  Islay  and  Jura.     The 

*  Gtol,  Survey  Memoirs:  Geology  of  X,W.  Donegal y  1891. 


CHAP.  VIII  DALRADIAN  SCHISTS  123 


second  or  Blair-Athol  Limestoue  lies  next  to  this  quartzite.  If  the  lime- 
stones are  identical  with  those  of  Donegal,  Mayo  and  Galway,  the  quartzites 
may  doubtless  be  also  regarded  as  continued  in  those  of  the  same  Irish 
counties,  where  they  form  some  of  the  most  conspicuous  features  in  the 
scenery,  since  they  rise  into  such  conspicuous  mountains  as  Erigal,  Slieve 
League,  Nephin,  and  the  twelve  Bins  of  Connemara. 

The  age  of  this  vast  system  of  altered  rocks  has  still  to  be  determined. 
It  is  possible  that  they  may  include  some  parts  of  the  Torridonian  series,  or 
even  here  and  there  a  wedge  of  the  Lewisian  gneiss  driven  into  position  by 
gigantic  disruptions,  like  those  of  the  North-West  Highlands,  l^ut  there 
can  be  no  doubt  that  the  schists,  quartzites  and  limestones  form  an  assem- 
blage of  metamorphosed  sedimentary  strata  which  differs  much  in  variety 
of  petrographical  character,  as  well  as  in  thickness,  from  the  Torridonian 
sandstone,  and  which  has  not  been  identified  as  the  equivalent. of  any  known 
Palaeozoic  system  or  group  of  formations  in  Britain.  It  may  conceivably 
embrace  the  Cambrian  series  of  the  North-West  Highlands,  and  also  the 
sedimentary  deposits  that  succeeded  the  Durness  Limestone,  of  which  no 
recognizable  vestige  remains  in  Sutherland  or  Boss. 

That  the  metamorphic  rocks  east  of  the  line  of  the  Great  Crlen  are  at 
least  older  than  the  Arenig  formation  of  the  Lower  Silurian  system  may  be 
inferred  from  an  interesting  discovery  recently  made  by  the  officers  of  the 
Cfeological  Survey.  A  narrow  strip  of  rocks  has  been  found  which,  from 
their  remarkable  petrographical  characters,  their  order  of  sequence  and  their 
scanty  fossil  contents  {Radiolaria),  are  with  some  confidence  identified  with 
a  peculiar  assemblage  of  rocks  on  the  Arenig  horizon  of  the  Silurian  system 
in  the  Southern  Uplands  of  Scotland,  to  which  fuller  reference  will  be  made 
in  Chapter  xii.  This  strip  or  wedge  of  probably  Lower  Silurian  strata 
intervenes  l)etween  the  Highland  schists  and  the  Old  Bed  Sandstone  in 
Kincardineshire,  Forfarshire  and  Dumbartonshire.  It  has  been  recognized 
also,  occupying  a  similar  position,  in  Tyrone  in  Ireland.  The  schists  in  some 
places  retain  their  foliated  character  up  to  the  abrupt  line  of  junction  with 
the  presumably  Lower  Silurian  strata,  while  in  other  districts,  as  at  Aberfoyle, 
they  have  been  so  little  affected  that  it  is  hardly  possilJe  to  draw  a  line 
between  the  Highland  rocks  and  those  of  this  border-zone,  which  indeed  are 
there  perhaps  more  metamorphosed  than  the  Highland  grits  to  the  north 
of  them.  The  metamorphism  of  the  schists  may  have  been  mainly  effected 
before  the  final  disturbances  that  wedged  in  this  strip  of  Silurian  strata 
along  the  Highland  border,  though  some  amount  of  crushing  and  schist- 
making  seems  to  have  accompanied  these  disturbances.  No  trace  of  any 
similar  strip  of  Palaeozoic  rocks  has  ever  been  detected  among  the  folds  of 
the  schists  further  into  the  Highlands.  But  some  of  the  Highland  rocks 
in  the  region  of  Loch  Awe  lose  their  metamorphosed  character,  and  piss 
into  sedimentary  strata  which,  so  far  as  petrographical  characters  are  con- 
cerned, might  well  be  Palaeozoic. 

Until  some  clue  is  found  to  the  age  of  the  Younger  or  Eastern  schists, 
quartzites  and  limestones  of  the  Highlands,  it  is  desirable  to  have  some  short 
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convenient  adjective  to  distinguish  them.  As  a  provisional  term  for  tlieni 
I  have  proposed  tlie  term  "  Dalradian,"  from  Dalriada,  the  name  of  the  old 
Celtic  kingdom  of  the  north  of  Ireland  and  south-west  of  Scotland.^ 

The  special  feature  for  which  this  Dalradian  series  is  cited  in  the  present 
volume  is  the  evidence  it  furnishes  of  powerful  and  extensive  volcanic 
action.  In  a  series  of  rocks  so  greatly  dislocated,  crumpled  and  meta- 
morphosed, we  cannot  look  for  the  usual  clear  proofs  of  contemporaneoiLs 
eruptions.  Nevertheless  all  over  the  Scottish  Highlands,  from  the  far  coast 
of  Aberdeenshire  to  the  Mull  of  Can  tyre,  and  across  the  west  of  Ireland 
from  the  headlands  of  Donegal  into  Gal  way,  there  occurs  abundant 
evidence  of  the  existence  of  rocks  which,  though  now  forming  an  integral 
part  of  the  schists,  can  be  paralleled  with  masses  of  undoubtedly  volcanic 


origin. 


Intercalated  in  the  vast  pile  of  altered  sediments  lie  numerous  sheets 
of  epidiorite  and  hornblende-schist,  which  were  erupted  as  molten  materials, 
not  improbably  as  varieties  of  diabase-lava.  Most  of  these  sheets  are 
doubtless  intrusive  "  sills,"  for  they  can  be  observed  to  break  across  from  one 
horizon  to  another.  But  some  of  them  may  possibly  be  contemporaneous 
lava-streams.     A  slieet  may  sometimes  be  followed  for  many  miles,  occupying 


Fig.  37. — Section  showing  the  position  of  Sills  in  the  mica-schist  series  between  Loch  Tay  and  Anmlree. 

a,  Mica-schiHt  ;  h  b.  Sills. 

the  same  stratigraphical  platform.  Thus  a  band  of  sills  may  be  traced  from 
the  coast  of  Banffshire  to  near  Ben  Ledi,  a  distance  of  more  than  100 
miles.  Among  the  hornblendic  sills  of  this  band  some  occur  on  a  nmnber 
of  horizons  l^etween  the  group  of  Ben  Voirlich  grits  and  the  Beu-y-Glo 
quartzite.  One  of  the  most  marked  of  these  is  a  sheet,  sometimes  200  feet 
thick,  which  underlies  the  Locli  Tay  Limestone.  Anotlier  interesting  group 
in  the  same  great  band  has  been  mapped  by  the  Greological  Survey  on  the 
hills  between  Loch  Tay  and  Amulree,  some  of  them  being  traceable  for  several 
miles  among  the  mica-schists  with  which  they  alternate  (Fig.  37). 

In  Argyllshire  also,  between  Loch  Tarbert  and  Loch  Awe,  and  along  the 
eastern  coasts  of  the  islands  of  Islay  and  Jura,  an  abundant  series  of  sheets 
of  epidiorite,  amphibolite  and  hornblende-schist  runs  with  the  prevalent 
strike  of  the  schists,  grits  and  limestones  of  that  region.  Similar  rocks 
reappear  in  a  like  position  in  Donegal,  where,  as  in  Scotland,  the  frequency 
of  the  occurrence  of  these  eruptive  rocks  on  the  horizons  of  the  limestones 
is  worthy  of  remark.  The  persistence*,  number  and  aggregate  thickness  of 
the  sills  in  this  great  band  mark  it  out  as  the  most  extensive  series  of  in- 
trusive sheets  in  the  British  Isles. 

*  Presidential  Address  to  Geological  Society^  1891,  p.  39. 
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In  additiou  to  tlie  sills  there  occur  also  bosses  of  similar  material,  whicli 
in  their  form  and  their  obvious  relation  to  the  sheets  recall  the  structure 
of  volcanic  necks.  They  consist  of  hornblendic  rocks,  like  the  sills,  but  are 
usually  tolerably  massive,  and  show  much  less  trace  of  superinduced  foliation. 
Besides  the  obviously  eruptive  masses  there  is  another  abundant  grouj) 
of  rocks  which,  I  believe,  furnishes  important  evidence  as  to  contemporaneous 
volcanic  action  during  the  accumulation  of  the  Dalradian  series.  Through- 
out the  Central  and  South-Western  Highlands  certain  zones  of  "  green  schist " 
have  long  occupied  the  attention  of  the  officers  of  the  Geological  Survey. 
They  occur  more  especially  on  two  horizons  between  tlie  Loch  Tay  Limestone 
and  a  much  lower  series  of  grits  and  fine  conglomerates,  which  run  through 
the  Trossachs  and  form  the  craggy  ridges  of  Ben  Ledi,  Ben  Voirlich  and 
other  mountains  near  the  Highland  border.  In  the  lower  grouj)  of  "  green 
schists,"  thick  hornblendic  sills  begin  to  make  their  appearance,  increasing 
in  number  upwards.  The  upper  group  of  "  green  schists  "  lies  between  two 
bands  of  garnetiferous  mica-schist,  above  the  higher  of  which  comes  the 
Loch  Tay  Limestone.  The  peculiar  greenish  tint  and  corresponding  mineral 
constituents  of  these  schists,  however,  are  likewise  found  diffused  through 
higher  parts  of  the  series. 

So  much  do  the  "  green  schists  "  vaiy  in  structure  and  composition  that 
no  single  definition  of  them  is  always  applicable.  At  one  extreme  are 
dull  green  chlorite-schists,  passing  into  a  "  potstone,"  which,  like  that  of 
Trondhjem,  can  be  cut  into  b]<x;ks  for  architectural  purposes.^  At  the 
other  extreme  lie  grits  and  quartzites,  wdth  a  slight  admixture  of  the  Siime 
greenish -coloured  constituent.  Between  tliese  limits  almost  every  stage  may 
be  met  with,  the  x>roportion  of  chlorite  or  hornblende  and  of  granular  or 
])ebbly  ((uartz  varying  continually,  not  only  vertically,  but  even  in  the 
extension  of  the  same  bed.  The  (|uartz-pel)bles  are  sometimes  opalescent, 
and  occasionally  larger  than  peas.  An  average  specimen  from  one  of  the 
zones  of  "  green  schists  "  is  found,  on  closer  examination,  to  be  a  thoroughly 
schistose  rock,  composed  of  a  matrix  of  granular  quartz,  through  whicli 
acicular  hornblende  and  biotite  crystals,  or  actinolite  and  chlorite,  are 
ranged  along  the  planes  of  foliation. 

That  these  ro^ks  are  essentially  of  detrital  origin  admits  of  no  doubt. 
They  differ,  however,  from  the  other  sedimentary  members  of  the  Dalradian 
series  in  the  persistence  and  abundance  of  the  magnesian  silicates  diffused 
through  them.  The  idea  which  they  suggested  to  my  mind  some  years  ago 
was  that  the  green  colouring- matter  represents  fine  basic  volcanic  dust, 
which  was  showered  out  during  the  accumulation  of  ordinary  quartz- 
ose,  argillaceous  and  calcareous  sediments,  and  that,  under  the  influence 
of  the  metamoqihism  which  has  so  gre<itly  alfected  all  the  rocks  of  the 
i*egion,  the  original  pyroxenes  and  felsi)ars  suffered  the  usual  conversion 
into  hornblendes,  chlorites  and  micas.  This  view  has  occurred  also  to  my 
colleagues  on  the  Survey,  and  is  now  generally  adopted  by  them. 

*  From  Huch  a  rock,  which  cresses  tlie  upper  part  of  Loch  Fyne,  the  Duke  of  ArgyH's  residence 
at  Inveraray  has  been  built. 
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Not  only  are  these  "  green  schists "  traceable  all  through  the  Central 
and  South  -  Western  Highlands,  rocks  of  similar  character,  and  not  im- 
probably on  the  same  horizons,  reappear  in  the  north-west  of  Ireland,  and 
run  thence  south-westward  as  far  as  the  Dalradian  rocks  extend.  If  we 
are  justified  in  regarding  them  as  metamorphosed  tuffs  and  ashy  sediments, 
they  mark  a  widespread  and  long-continued  volcanic  period  during  the  time 
when  the  later  half  of  the  Dalradian  series  was  deposited. 

Besides  the  extensive  development  Of  basic  sills  which,  though  probably 
in  great  part  later  than  the  "  green  schists,"  may  belong  to  the  same  pro- 
longed period  of  subterranean  activity,  numerous  acid  protrusions  are  to 
be  observed  in  the  Dalradian  series  of  Scotland  and  Ireland.  That  the^ 
masses  were  erupted  at  several  widely-separated  intervals  is  well  shown  by 
their  relation  to  the  schists  among  which  they  occur.  Some  of  the  great 
bosses  and  sills  of  granite  were  undoubtedly  injected  before  the  metamorphism 
of  the  schists  was  completed,  for  they  have  shared  in  the  foliation  of  the 
region.  Others  have  certainly  appeared  after  the  metamorphism  was  com- 
plete, for  they  show  no  trace  of  having  suffered  from  its  effects.  Thus  some 
of  the  vast  tracts  of  newer  granite  in  the  Grampian  chain,  which  cover 
many  square  miles  of  ground,  must  be  among  the  newest  rocks  of  that  area. 
They  have  recently  l^een  found  by  Mr.  G.  Barrow,  of  the  Geological  Survey, 
to  send  veins  into  the  belt  of  probably  Lower  Silurian  strata  which  flanks 
the  Highland  schists.  They  are  thus  later  than  the  Arenig  period.  Not 
impossibly  they  may  be  referable  to  the  great  granite  intrusions  which  formed 
so  striking  a  feature  in  the  history  of  the  I^wer  Old  Eed  Sandstone. 

iii.    THE    GNEISSES    AND    SCHISTS    OF    ANGLESEY 

In  the  island  of  Anglesey  an  interesting  series  of  schists  and  quartzites 
presents  many  points  of  resemblance  to  the  Dalradian  or  younger  schists  of 
the  Highlands.  At  present  the  geologist  possesses  no  means  of  determining 
whether  these  Welsh  rocks  are  the  equivalents  of  the  Scottish  in  strati- 
graphical  position,  but  their  remarkable  similarity  justifies  a  brief  allusion 
to  them  in  this  place.  Much  controversy  has  arisen  regarding  the  geology 
of  Anglesey,  but  into  this  dispute  it  is  not  necessary  for  my  present  pur- 
pose to  enter.^  I  will  content  myself  with  expressing  what  seems  to  me, 
after  several  traverses,  to  be  the  geological  structure  of  the  ground. 

^  The  literature  of  Anglesey  geology  is  now  somewhat  voluminous,  but  I  may  refer  to  the 
following  as  the  chief  authorities.  The  island  is  mapped  in  Sheet  78  of  the  Geological  Survey 
of  England  and  Wales,  and  its  structure  is  illustrated  in  Horizontal  Sections,  Sheet  40.  A  full 
account  of  its  various  formations  and  of  their  relations  to  each  other  is  given  in  vol.  iii.  of  the 
Memoirs  of  the  Geolofjical  Surrey,  ''The  Geology  of  North  Wales,"  by  Sir  A.  C.  Ramsay,  2nd 
edit.  1881.  The  subject  has  been  discussed  by  Professor  Hughes,  Quart,  Journ.  Qeol.  Soc.  vols. 
xxxiv.  (1878)  p.  137,  xxxv.  (1879)  p.  682,  xxxvi.  (1880)  p.  237,  xxxviii.  (1882)  p.  16  ;  Brit. 
Assoc.  Rep.  (1881)  pp.  643,  644  ;  Proc.  Carnb.  Phil,  Soc.  vol.  iii.  pp.  67,  89,  341  ;  by  Professor 
Bonney,  Quart.  Journ.  Gcol.  Soc.  vol.  xxxv.  (1879)  pp.  300,  321  ;  Geol,  Mag,  (1880)  p.  125 ; 
by  Dr.  H.  Hicks,  Quart.  Jouni.  Geol.  Soc.  vols,  xxxiv.  (1878)  p.  147,  xxxv.  (1879)  p.  295  ;  Geol. 
Matj.  (1879)  pp.  433,  528  (1893)  p.  548  ;  by  Dr.  C.  Callaway,  Quart.  Journ,  Geol.  Soc,  vols. 
XXX vii.  (1881)  p.  210,  xl.  (1884)  p.  567  ;  and  by  the  Rev.  J.  F.  Blake,  Quart,  Journ.  Geol,  Soc. 
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There  are  two  groups  of  rocks  iu  Anglesey  to  which  a  pre-Cambriau 
age  may  with  probability  be  assigned.  In  the  heart  of  the  island  lies  a 
core  of  gneiss  which,  if  petrographical  charactei-s  may  be  taken  as  a  guide, 
must  certainly  be  looked  upon  as  Archaean.  In  visiting  that  district  with 
my  colleague  Mr.  Teall  I  was  much  astonished  to  find  there  so  striking  a 
coimterpart  to  portions  of  the  Lewisian  gneiss  of  the  nortli-west  of  Suther- 
land and  Soss.  The  very  external  features  of  the  ground  recall  the 
peculiar  hummocky  surface  which  so  persistently  characterizes  the  areas  of 
this  rock  throughout  the  north-west  of  Scotland.  If  the  geologist  could  be 
suddenly  transported  from  the  rounded  rocky  knolls  of  Sutherland,  Eoss-shire 
or  the  Hebrides  to  those  in  the  middle  of  Anglesey,  south  of  Llanerchy- 
medd,  he  would  hardly  be  aware  of  the  change,  save  in  the  greater  verdure 
of  the  hollows,  which  has  resulted  from  a  more  advanced  state  of  decom- 
position of  the  rocks  at  the  surface,  as  well  as  from  a  better  climate  and 
agriculture. 

When  we  examine  these  rocky  hummocks  in  detail  we  find  them  to 
consist  of  coarse  gneisses,  the  foliation  of  which  has  a  prevalent  dip  to 
N.N.W.  Some  portions  abound  in  dark  hornblende  and  garnets,  others 
are  rich  in  brown  mica,  the  folia  being  coarsely  crystalline  and  rudely 
banded,  as  in  the  more  massive  gneisses  of  Sutherland.  Abundant  veins 
of  coarse  pegmatite  may  liere  and  there  be  seen,  with  pinkish  and  white 
felspars  and  milky  quartz.  Occasionally  the  gneiss  is  traversed  by  bands 
of  a  dark  greenish-grey  rock,  whicli  remind  one  of  the  dykes  of  the  north- 
west of  Scotland.  There  are  other  rocks,  some  of  them  probably  intrusive 
and  of  later  date,  to  be  seen  in  the  same  area ;  but  they  require  more 
detailed  study  than  they  have  yet  received. 

The  relation  of  this  core  of  gneiss  and  its  associated  rocks  to  the  second 
group  of  pre-Cambrian  rocks  has  not  hitherto  been  satisfactorily  ascertained. 
The  core  may  conceivably  be  an  eruptive  boss  in  that  group,  and  may  have 
acquired  its  foliation  during  the  movements  that  produced  the  foliation  of 
the  surrounding  schists.  Ikit  it  seems  more  probable  that  the  gneiss  is 
much  older  than  these  schists,  thougli  it  would  undoubtedly  participate  in 
the  effects  of  the  mechanical  movements  whicli  gave  rise  to  their  deforma- 
tion, cleavage  and  foliation. 

Tlie  second  group  of  rocks  occupies  a  large  area  in  the  west  and  in  the 
centre  and  south  of  Anglesey.  The  scliists  of  whicli  it  consists  are 
obviously  iu  the  main  a  clastic  series.  One  of  their  most  conspicuous 
members  is  quartzite,  which,  besides  occurring  sporadically  all  over  the 
island,  forms  the  prominent  mass  of  Holyhejid  Mountain.  There  are  like- 
wise flaggy  chloritic  schists,  green  and  purple  phyllites  or  slates,  and  bands 
of  grit,  while  parts  of  the  so-called  "  grey  gneiss  "  consist  of  pebbly  sand- 
stones that  have  acquired  a  crystalline  structure.  That  some  order  of 
sequence  among  these  various  strata  may  yet  be  worked  out  is  not  im- 
possible, but  the  task  will  be  one  of  no  ordinary  diiiiculty,  for  the  plications 

vol.  xliv.   (1888)  p.  463.     Further  refereuces  to  the  work  of  these  observers  in  Anglesey  are 
given  in  Chapter  xiii.  p.  220  ei  seq.     The  Pre-Canibrian  areas  of  Anglesey  are  shown  in  Map  II. 
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and   fractures   are   miuierouB,  and  much   of  the  aiirlace  of  the   ground  is 
obscui-ed  by  the  spread  of  Falieozoic  formations  aud  auperficial  deposits. 

These  Anglesey  ai^hists  are  so  obviously  an  altered  sedimentary  series 
that  it  is  not  surprising  that  tliey  shoidd  have  been  regarded  as  metamor- 
phosed Cambrian  strata.  All  that  can  be  positively  affirmed  regarding 
their  age  is  that  they  are  not  only  older  than  the  lowest  fossiliferous  rocks 
around  them — tliat  is,  than  Arenig  or  even  Tremadoc  strata — but  that 
they  had  already  acquired  their  present  metamorjihic  character  before  these 
strata  were  laid  down  unconformably  upon  them.  There  is  no  actual  (>roof 
that  they  include  no  altered  Cambrian  rixiks.  But  when  we  consider  their 
distinctly  crystalline  structure,  and  the  absence  of  such  a  structure  from  any 
portion  of  the  Candtrian  areas  of  the  mainland ;  wlien,  moreover,  we  reflect 
that  the  metaniorphisin  which  has  affected  them  is  of  the  regional  typi', 
and  can  hardly  have  lieen  restricted  to  merely  the  limited  area  of  Anglesey : 


si.lv  of  Porth-tywyu-iimwr, 
)f  Hnlyhnul  Stmits, 

we  must  agi'ee  with  those  obser\'ers  who,  in  sjiit*  of  the  absence  of  j>08itive 
proof  of  their  true  geologicjil  horizon,  have  regarded  these  rocks  as  of  much 
higher  antiquity  than  the  Cambrian  strata  of  the  neighbourhood.  No  one 
familiar  with  the  Jlalradian  rocks  of  Scotland  and  Ireland  can  fail  to  be 
struck  with  the  close  resemlihmce  which  these  yoimger  Anglesey  sc-hists  Itear 
to  them,  down  even  into  the  minutest  details.  Pet rographically  they  are 
precisely  the  counterparts  of  the  quartzites  and  schists  of  Perthshire  aud 
Donegal,  aud  a  further  connection  may  lie  established  of  a  palawntological 
kind.  The  upper  pirt  of  the  Holjhead  quartzite  was  found  by  Mr.  B.  N, 
Peach  and  myself  in  the  autumn  of  the  year  1890  to  be  at  one  plac-e 
crowded  with  annelid-iiipes,  and  I  sulMtequimtly  found  the  same  to  be  the 
case  with  some  of  the  flaggy  (juartzites  near  the  South  Stack. 

For  the  purpose  of  tlie  inquiry  which  forms  the  theme  of  this  work, 
the  feature  of  greatest  interest  about  these  younger  schists  of  Anglesey  is 
the  association  of  igneous  rocks  with  them.  They  include  bands  of  dark 
basic  material,  the  less  crushetl  parts  of  which  resemble  the  diabases  of 
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later  formations,  while  the  sheared  portions  pass  into  epidiorites  and  true 
hornblende-schists.  As  in  other  regions  where  eruptive  rocks  have  been 
crushed  down  and  changed  into  the  schistose  modification,  it  is  frequently 
possible  to  see  groups  of  uncrushed  cores  round  which,  under  severe 
mechanical  stresses,  the  rock  has  undergone  this  conversion.  Lines  of 
movement  through  the  body  of  the  rock  may  be  detected  by  bands  of  schist, 
the  gradation  from  the  solid  core  to  the  hornblende -schist  being  quite 
gradual  The  accompanying  figure  (Fig.  38)  represents  a  portion  of  one  of 
these  crushed  basic  igneous  rocks  on  the  east  side  of  Holyhead  Straits. 

As  in  the  Dalradian  series  of  the  Highlands,  many,  perhaps  most,  of 
these  igneous  bands  are  probably  intrusive  sills,  but  others  may  be 
intercalated  contemporaneous  sheets.  They  occur  across  the  whole  breadth 
of  the  island  from  the  Menai  Strait  to  the  shores  of  Holyhead. 

Besides  these  undoubtedly  igneous  rocks,  the  green  chloritic  slates  of 
Anglesey  deserve  notice.  They  are  well  -  bedded  strata,  consisting  of 
alternations  of  foliated  fine  grit  or  sandstone,  with  layers  more  largely 
made  up  of  schistose  chlorite.  The  gritty  bands  sometimes  contain  pebbles 
of  blue  quartz,  and  evidently  represent  original  layers  of  sandy  sediment, 
but  with  an  admixture  of  chloritic  material  The  manner  in  which  this 
green  chloritic  constituent  is  diffused  through  the  whole  succession  of 
strata,  and  likewise  aggregated  into  bands  with  comparatively  little  quartz- 
ose  sediment,  reminds  one  of  the  "  green  schists  "  of  the  Central  Highlands 
and  Donegal,  and  suggests  a  similar  explanation.  Taken  in  connection 
with  the  associated  basic  igneous  rocks,  these  chloritic  schists  seem  to  me 
to  represent  a  thick  group  of  volcanic  tuffs  and  interstratified  sandy  and 
clayey  layers.  If  this  inference  is  well  founded,  and  if  we  are  justified 
in  grouping  these  Anglesey  rocks  with  the  Dalradian  schists  of  Scotland 
and  Ireland,  a  striking  picture  is  presented  to  the  mind  of  the  wide 
extent  and  persistent  activity  of  the  volcanoes  of  that  primeval  period 
in  Britain.^ 

iv.   THE    URICONIAN    VOLCANOES 

Along  the  eastern  borders  of  Wales  a  ridge  of  ancient  rocks,  much  broken 
by  faults  and  presenting  several  striking  unconformabilities,  has  long 
been  classic  ground  in  geology  from  the  descriptions  and  illustrations  of 
Murchison's  Silurian  System?  The  main  outlines  of  the  structure  of 
that  district,  first  admirably  worked  out  by  this  great  pioneer,  were 
delineated  on  the  maps  and  sections  of  the  Geological  Survey,  wherein  it 
was  shown  that  in  the  Longmynd  an  enormously  thick  group  of  stratified 
rocks,  which,  though  unfossiliferous,  were  referred  to  the  Cambrian  system, 
rose  in  the  very  heart  of  the  country ;  that  to  the  ea^t  of  these  rocks  lay 

*  Mr.  E.  Greenly,  late  of  the  Geological  Survey  of  Scotland,  has  recently  established  himself  on 
the  Menai  Strait  for  the  purpose  of  working  out  in  detail  the  geological  structure  of  this  interest- 
ing and  complicated  region.  We  may  therefore  hope  that  some  of  the  still  unsolved  problems 
presented  by  the  rocks  of  Anglesey  will  before  long  be  satisfactorily  explained. 

'  See  especially  chap.  xix.  vol.  i.  p.  225. 
VOL.  I  K 
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strata  of  Caradoc  or  Bala  age ;  that  by  a  great  hiatus  in  the  stratigraphy 
the  Upper  Silurian  series  transgressively  wrapped  round  everything  below  it; 
that  yet  again  the  Coal-measures  crept  over  all  these  various  Palfleozoic  forma- 
tions, followed  once  more  unconformably  by  Pennian  and  Triassic  deposits.^ 
Besides  all  this  evidence  of  extraordinary  and  repeated  terrestrial  move- 
ment, it  was  found  that  the  region  was  traversed  by  some  of  the  most 
powerful  dislocations  in  this  country,  while  to  complete  the  picture  of 
disturbance,  many  protrusions  of  igneous  rocks  were  recognized. 

In  a  territory  so  complicated,  though  it  had  been  sedulously  and 
skilfully  explored,  there  could  hardly  fail  to  remain  features  of  structure 
which  had  escaped  the  notice  of  the  first  observers.  In  particular,  the 
igneous  rocks  had  been  dealt  with  only  in  a  general  way,  and  they 
consequently  offered  a  favourable  field  for  more  detailed  study ;  while  by  a 
more  searching  examination  of  some  of  the  rocks  for  fossils,  important 
corrections  of  the  earlier  work  might  yet  be  made. 

A  notable  step  towards  a  revision  of  the  received  opinions  regarding  the 
igneous  rocks  of  this  region  was  taken  by  Mr.  AUport,  who  showed  that  the 
so-called  "  greenstone  "  included  masses  of  devitrified  spherulitic  pitchstones 
and  perlites,  together  with  indurated  volcanic  breccias,  agglomerates  and 
ashes."  Subsequently  Professor  Bonney  described  more  fully  the  petro- 
graphical  characters  of  the  Wrekin  igneous  rocks,  confirming  and  extending 
the  observations  of  Mr.  Allport.^ 

But  the  correction  of  tlie  prevalent  error  as  to  the  geological  age  of 
these  rocks  was  due  to  Dr.  Callaway,  who,  after  spending  much  time  and 
labour  in  ascertaining,  l)y  a  careful  search  for  fossils,  the  position  of  the 
superincumbent  rocks  (wherein  he  discovered  Cambrian  organisms),  and  in 
a  detailed  investigation  of  the  structure  and  relationships  of  the  igneous 
masses  themselves,  was  led  to  regard  them  as  part  of  an  ancient  pre- 
Cambrian  ridge ;  and  he  proposed  for  the  volcanic  group  the  name  of 
Uriconian,  from  the  name  of  the  former  Eoman  town  which  stood  not  far 
to  the  west  of  them.*  He  has  shown  how  essentially  volcanic  this  ancient 
series  of  rocks  is,  how  seldom  they  present  any  clearly-marked  evidence  of 
stratification,  and  how  small  is  the  proportion  of  sedimentary  material 
associated  with  them.^ 

Subsequently  Professor  Lapworth,  by  his  discovery  of  the  Olenellus- 
fauna,  marking  the  lowest  known  fossiliferous  Cambrian  zone  in  the  Wrekin 

*  The  area  is  embraced  in  Sheet  61  of  the  Geological  Survey,  and  is  illustrated  by  Nos.  33  and 
36  of  the  sheets  of  Horizontal  Sections.  In  the  early  editions  of  the  Survey  maps  the  **felspathic 
traps"  and  the  "greenstones"  of  the  AVrekin  district  were  distinguished  by  separate  colours, 
but  unfortunately  this  useful  and  so  far  correct  discrimination  was  given  up  in  subsequent 
editions,  where  all  the  acid  and  basic  rot^ks  are  merged  into  one. 

*  Qiuirt.  Jouni.  Geol.  Soc.  vol.  xxxiii.  (1877)  p.  449. 

=*  Op.  cit.  vol.  XXXV.  (1879)  p.  662  ;  vol.  xxxviii.  (1882)  p.  124. 

*  Quart.  Journ.  Gcol.  Soc.  vols.  xxx.  (1874)  p.  196,  xxxiv.  (1878)  p.  754,  xxxv.  (1879)  p.  643. 
xlii.  (1886)  p.  481.  For  a  criticism  of  Dr.  Callaway's  views  as  to  the  order  of  succession  among 
the  rocks  of  this  district,  see  Prof.  Blake,  op.  cit.  vol.  xlvi.  (1890)  p.  386,  and  Dr.  Callaway's  reply, 
vol.  xlvii.  (1891)  p.  109. 

»  Op,  cU.  vol.  xlvii.  (1891)  p.  123. 
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district,  and  his  recognition  of  Cambrian  fossils  under  the  Coal-measures  of 
Warwickshire,  supplied  valuable  evidence  for  the  discussion  of  the  geological 
position  of  the  older  rocks  of  the  Midlands.  He  has  mapped  in  minute 
detail  the  rocks  of  the  Wrekin,  and  has  exhausted  all  the  evidence  that  is 
at  present  obtainable  on  the  subject.  But  imfortunately  the  publication  of 
his  researches  is  still  delayed.^ 

It  is  now  recognized  that  the  core  of  the  ancient  ridge,  extending  from 
near  Wellington  through  the  Wrekin,  Caer  Caradoc  and  other  hills,  until  it 
sinks  beneath  the  Upper  Silurian  formations,  is  formed  of  igneous  rocks 
that  consist  partly  of  lavas,  partly  of  volcanic  breccias  and  fine  tuffs.  The 
lavas  are  thoroughly  acid  rocks  of  the  felsitic  or  rhyolitic  type.  One  of 
them,  about  100  feet  thick,  which  forms  a  prominent  feature  on  the  flanks 
and  crest  of  Caer  Caradoc,  shows  abundant  finely-banded  flow-structure, 
often  curved  or  on  end,  while  its  bottom  and  upper  parts  are  strongly 
amygdaloidal,  the  cavities  being  occasionally  pulled  out  in  the  direction  of 
flow  and  lined  with  quartz  or  chalcedony.  Some  of  the  detached  areas  of 
eruptive  rocks  show  the  beautiful  spherulitic  and  perlitic  structures  first 
noticed  in  this  region  by  Mr.  Allport.  More  recently  the  structures  of 
these  acid  rocks  have  been  described  by  Mr.  F.  Eutley." 

The  breccias  and  tuffs  appear  to  consist  mainly  of  felsitic  material.  In 
the  coarser  varieties,  fragments  of  finely-banded  felsite  may  be  noticed,  while 
the  finer  kinds  pass  into  a  kind  of  hornstone  (halleflinta),  which  in  hand- 
specimens  could  hardly  be  distinguished  from  close-grained  felsite.  In 
some  places,  these  pyroclastic  rocks  are  well  stratified,  but  elsewhere  no 
satisfactory  bedding  can  be  recognized  in  them.  Various  other  rocks,  which 
are  probably  intrusive,  occur  in  the  ridge.  At  either  end  of  the  Wrekin 
there  is  a  mass  of  pink  microgranite,  while  at  Caer  Caradoc  numerous  sheets 
of  "  greenstone,'*  intercalated  in  the  fine  tuffs,  sweep  across  the  hilL  Mr. 
Kutley  has  published  an  account  of  these  basic  rocks,  which  he  classes  as 
"  melaphyres,"  or  altered  forms  of  basalt  or  andesite.^  That  at  least  some 
of  them  are  intrusive  is  manifest  by  the  way  in  which  they  ramify  through 
the  surrounding  strata.  But  others  are  so  strongly  amygdaloidal  and  slaggy 
that  they  may  possibly  be  true  interbedded  lavas,  though  there  may  be 
some  hesitation  in  admitting  that  such  basic  outflows  could  be  erupted  in 
the  midst  of  thoroughly  acid  ejections.'*  Leaving  these  doubtful  flows  out 
of  account,  we  have  here  a  group  of  undoubted  volcanic  rocks  represented 
by  acid  lavas  and  pyroclastic  materials,  by  intrusive  bosses  of  acid  rocks, 
and  by  younger  basic  sills.  The  general  lithological  characters  of  these 
masses  and  the  sequence  of  their  appearance  thus  strongly  resemble  those  of 
subsequent  Palaeozoic  volcanic  episodes. 

J  Geol,  Mag,  (1882)  p.  563,  (1886)  p.  319,  (1887)  p.  78,  (1888)  p.  484  ;  and  a  joint  i»aper 
with  Mr.  W.  W.  Watts  on  tlie  Geology  of  South  Shropshire,  I*roc.  Geol.  Assoc,  vol.  xiii.  (1894) 
pp.  302,  335. 

'  Quart.  Joum.  Geol,  Soc.  vol.  xlvii.  (1891)  p.  540.  Mr.  Rutley  more  particularly  describes 
those  of  Caradoc  Hill.  •*  Ojk  c«V.  p.  534. 

*  This  difficulty,  however,  need  not  be  in  itself  insuperable,  as  is  evident  from  the  remark- 
able alternation  of  basic  and  acid  lavas  and  tuffs  in  the  Cambrian  volcanic  group  of  St.  David's 
and  in  the  Old  Red  Sandstone  series  of  the  Pentland  Hills. 
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The  geological  age  of  this  volcanic  group  is  a  question  of  much  interest 
and  importance  in  regard  to  the  history  of  volcanism  in  this  country.  An 
inferior  limit  to  the  antiquity  of  the  group  can  at  once  be  fixed  by  the  fact 
that,  as  originally  pointed  out  by  Dr.  Callaway,  the  quartzite  which  overlies 
the  volcanic  rocks  passes  under  a  limestone  containing  Cambrian  fossils  in 
which  Professor  Lapworth  has  since  recognized  Olenellus,  Paradoxides  and 
other  Lower  Cambrian  forms.  The  eruptions,  therefore,  must  be  at  least  as 
old  as  the  earlier  part  of  the  Cambrian  period.  But  it  is  affirmed  that  the 
quartzite  rests  with  a  complete  unconformability  on  the  volcanic  rocks.  If 
this  be  so,  then  the  epoch  of  eruption  must  be  shifted  much  farther  back. 

The  evidence  adduced  in  favour  of  this  great  break  appears  to  me  to  be 
threefold.  In  the  first  place,  the  quartzite  contains  fragments  of  the 
volcanic  rocks.  I  do  not  think  much  stress  can  be  laid  on  this  fact.  When 
I  visited  the  ground,  what  struck  me  most  in  the  composition  of  the 
quartzite  was  its  singularly  pure  quartzose  character,  and  the  comparative 
scarcity  of  felsite-pebbles  in  it.  Any  deposit  laid  down  conformably  upon 
the  top  of  the  breccias  and  tuffs  might  obviously  contain  some  of  these 
materials,    while,    if   laid    down    unconformably,   it    might   reasonably   be 
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Fig.  39.  — Section  across  the  Uriconian  series  of  Caer  Caradoc. 
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expected  to  be  full  of  them.  In  the  second  place,  this  quartzite  is  alleged 
to  pass  transgressively  across  the  edges  of  successive  sheets  of  the  volcanic 
group,  and  thus  to  have  a  quite  discordant  dip  and  strike.  I  failed  to  find 
satisfactory  evidence  of  this  unconformability  in  the  northern  part  of  the 
district.  But  in  the  Caer  Caradoc  area  the  quartzite  does  appear  to  steal 
across  the  outcrops  of  the  older  rocks,  which  plunge  at  nearly  right  angles 
in  an  opposite  direction.  In  the  third  place,  the  felsitic  volcanic  group  is 
believed  by  Professor  Lapworth  to  pass  upwards  into  the  Longmynd  rocks. 
Obviously,  if  this  group  lies  at  the  very  bottom  of  the  vast  Longmynd 
series,  the  discordance  between  it  and  the  quartzite  must  be  enormous,  and 
the  date  of  the  volcanic  eruptions  must  be  placed  vastly  farther  back  in 
geological  antiquity.  Though  the  evidence  does  not  seem  to  me  to  amount 
to  clear  proof,  I  am  disposed,  in  the  meantime,  to  accept  it  as  affording  the 
most  probable  solution  of  the  difficulties  presented  by  the  structure  of  the 
ground. 

The  sequence  of  the  rocks  around  Caer  Caradoc  is  partly  concealed  by 
surface  accumulations,  but  if  these  could  be  cleared  away  the  structure  of 
the  ground  would  be,  according  to  Messrs.  Lapworth  and  Watts,  as  shown 
in  Fig.  39.^ 

^  Proc.  Ocol,  Assoc,  vol.  xiii.  (1894),  pp.  314,  316. 
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If,  then,  this  volcanic  group  underlies  the  whole  of  the  Longmynd 
series,  and  if,  as  it  now  appears,  that  series  is  older  than  the  Olenellus-zone 
of  the  Lower  Cambrian  rocks,  we  can  hardly  include  the  volcanic  rocks  of 
the  Wrekin  and  Caer  Caradoc  in  the  Cambrian  system.  They  must  belong 
to  a  still  older  geological  formation,  and  I  think  we  cannot  do  better  than 
adopt  for  them  Dr.  Callaway's  name,  Uriconian. 

There  are  still;  however,  many  problems  to  be  solved  before  the 
geological  history  of  that  region  is  completely  understood.  The  rocks  of  the 
Longmynd  must  be  more  fully  worked  out.  It  is  improbable  that  strata 
which  look  so  likely  to  yield  fossils  should  for  ever  prove  barren.  The 
lower  half  at  least  may  be  hopefully  searched,  although  the  upper  massive 
reddish  sandstones  and  conglomerates  offer  less  prospect  of  succesa  On  the 
west  side  of  the  Longmynd,  above  Pontesbury,  there  occurs  a  small  area  of 
volcanic  rocks  like  those  of  the  Wrekin  district,  including  a  well-marked 
nodular  felsite  and  fine  tuffs.  These  rocks  have  been  regarded  by  Dr. 
Callaway  as  another  axis  of  the  Uriconian  series.  It  is  very  difficult,  how- 
ever, by  any  combination  of  geological  structures,  to  bring  up  a  portion  of 
the  very  bottom  of  the  Longmynd  series  and  place  it  apparently  at  the  top. 
This  is  a  feat  which  a  detailed  study  of  the  region,  and  the  detection  of 
unconformabilities  in  the  Longmynd,  may  possibly  accomplish.  In  the 
meantime,  however,  I  would  venture  to  suggest  whether  it  is  not  more 
probable  that  we  have  here  a  detached  area  of  much  younger  volcanic  rocks, 
like  those  which,  in  various  districts,  may  be  included  in  the  Cambrian 
system,  and  which  will  be  referred  to  in  some  detail  in  subsequent  pages. 


V.    THE    MALVERN    VOLCANO 

Regarding  the  age  and  origin  of  the  oldest  rocks  of  the  Malvern  Hills 
some  controversy  has  arisen,  and  no  general  agreement  has  yet  been  reached.^ 
It  is  clear  that  the  core  of  crystalline  rocks  which  is  overlain  unconformably 
by  the  HoUybush  Sandstone  must  be  older  than  the  Upper  Cambrian  rocks. 
There  is  no  good  evidence  of  any  stratigraphical  break  in  the  Cambrian 
system  of  England  or  Wales,  and  it  may  be  reasonably  inferred  that  the 
break  seen  at  the  base  of  the  Hollybush  Sandstones  indicates  that  the  rocks 
underneath  that  horizon  are  pre-Cambrian.  Some  portions  of  these 
certainly  very  ancient  rocks  are  gneisses  or  schists ;  others  have  been 
described  as  "  felsites,"  and  have  been  regarded  as  passing  into  schists,  and 
as  the  original  material  from  which  portions  of  the  foliated  series  of  the 
range  have  be-en  produced  by  mechanical  deformation.     Not  improbably  the 

*  There  is  no  room  here  for  a  full  bibliography  of  the  geological  literature  devoted  to  this 
locality.  In  the  monograph  by  J.  Phillips  in  vol.  ii.  i»art  i.  of  the  Memoirs  0/  the  Ocoloijiciil 
Surcfy,  a  list  of  writings  is  given  up  to  the  time  of  its  publication  in  1848.  Since  that  year 
many  additional  papers  have  api>eared.  I  may  especially  refer  to  H.  B.  Holl,  Qurtrf.  Joum. 
OeoL  Soe.  xxi.  (1865)  p.  72  ;  J.  H.  Timins,  op.  ciL  xxii.  (1867) ;  Mr.  F.  Rutley,  op,  cit.  xliii.  (1887) 
I».  481  ;  Dr.  Callaway,  op,  eit.  xliii.  (1887)  p.  525,  xlv.  (1889)  p.  475,  xlix.  (1893)  p.  398  ;  Prof. 
Green,  op.  eit.  li.  (1895)  p.  1  ;  Mr.  H.  D.  Acland,  Geol  Mag.  1894,  p.  48. 
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whole  series  of  rocks  is  of  igneous  origin,  but  has  been  subsequently 
rendered  more  or  less  schistose. 

There  is  one  area  where  the  rocks  have  escaped  metamorphism,  and 
where  they  present  some  of  the  well-known  features  of  ancient  volcanic 
materials.  This  tract  was  first  indicated  by  Dr.  H.  B.  HoU  as  one  occupied 
by  "altered  primordial  rocks  and  post-primordial  trap."  Its  evidently 
igneous  materials  have  been  examined  and  described  by  different  observers, 
among  whom  Dr.  Callaway  has  contributed  some  detailed  papers  on  the 
subject.  More  recently  Professor  Green,  who  had  the  advantage  of  sections 
exposed  in  the  excavations  for  the  construction  of  a  reservoir  for  supply- 
ing water  to  Great  Malvern,  came  to  the  conclusion  that  the  rocks 
consist  mainly  of  felsites,  having  many  of  the  characters  of  rhyolites. 
With  these  are  associated  felsitic  tuffs,  while  bands  of  dolerite,  probably 
intrusive,  form  likewise  part  of  the  series.  So  far  as  the  somewhat  meagre 
evidence  allows  an  opinion  to  be  formed,  there  appears  to  be  an  alternation 
of  felsites,  lavas  and  tuffs  placed  in  a  more  or  less  vertical  position,  striking 
in  a  northerly  direction,  and  traversed  by  several  sheets  of  intrusive  dolerite. 

No  junction  has  been  found  between  these  unfoliated  volcanic  rocks 
and  the  schists  that  form  the  core  of  the  range.  Judging  merely  from 
their  present  relative  condition,  one  would  naturally  infer  that  the  volcanic 
rocks  must  be  the  younger  of  the  two  groups.  But,  as  Professor  Green  has 
pointed  out,  it  is  conceivable  that  the  latter  may  have  locally  escaped 
crushing,  and  yet  be  of  the  same  age  as  the  felsites  and  epidiorites  of  the 
neighbouring  Eaggedstone  Hill,  w^hich  have  been  in  part  considerably 
affected  by  mechanical  movements.^ 

For  our  present  inquiry  it  is  perhaps  sufl&cient  to  take  note  that  in  the 
heart  of  the  Malvern  Hills  there  lies  a  remnant  of  a  volcanic  district,  prob- 
ably of  pre-Cambrian  age,  the  rocks  of  which  had  been  raised  up  into  a 
vertical  position  so  as  to  form  islets  or  reefs  in  the  sea  in  which  the  Upper 
Cambrian  strata  (HoUybush  Sandstone  and  Upper  lingula  shales)  were 
deposited.  Until  some  more  precise  evidence  is  obtained  as  to  the  geological 
age  of  these  rocks  it  may  be  convenient  to  place  them  provisionally  with 
the  volcanic  Uriconian  series. 

vi.    THE    CHARXWOOD    FOREST    VOLCANO 

In  the  heart  of  England  the  great  Triassic  plain  is  diversified  by  the 
uprise  through  it  of  the  peaks  and  crests  of  an  old  Triassic  land-surface, 
which  are  embraced  in  the  district  known  as  Charnwood  Forest.  These 
scattered  eminences  consist  of  materials  not  only  immensely  older  than  the 
Trias,  but  once  doubtless  biu*ied  under  thousands  of  feet  of  Palaeozoic  strata. 
They  had  been  laid  bare  by  denudation  and  cax^ed  into  picturesque  crags 
and  pinnacles  before  the  New  Eed  Sandstone  was  deposited  around  and 
above  them. 

^  Op.  cit.  p.  7.     The  metamorphism  of  the  igneous  rocks  of  the  MalTern  Hills  into  schists  has 
been  especially  investigated  by  Dr.  Callaway. 
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To  these  vestiges  of  an  early  Mesozoic  land,  still  half  buried  among 
Triassic  strata,  a  peculiar  interest  attaches  from  the  obviously  high  antiquity 
of  their  rocks  and  their  uprise  in  the  very  centre  of  the  island.  Various 
opinions  have  been  expressed  as  to  the  age  of  their  component  rocks. 
When  they  were  mapped  by  the  (Geological  Survey  they  were  recognized  to 
be  as  old  as  any  group  of  rocks  then  known,  and  they  were  accordingly 
placed  in  the  Cambrian  system.  More  recent  research  has  suggested  that 
they  may  be  stiH  more  ancient,  and  may  be  regarded  as  pre-Cambrian. 

The  rocks  of  Chaniwood  Forest  have  been  the  subject  of  an  exhaustive 
research  by  the  Eev.  E.  Hill  and  Professor  Bonney,  to  whom  most  of  our 
knowledge  regarding  them  is  due.  These  observers  first  pointed  out  the 
truly  volcanic  nature  of  the  coarse  clastic  rocks  of  the  district.  They  have 
traced  their  relations  in  the  field,  and  have  likewise  described  their  structure 
and  composition  as  shown  by  the  microscope.  Subsequently  the  district 
has  been  re-mapped  on  the  scale  of  six  inches  to  a  mile  by  Mr.  Fox 
Strangways  for  the  Geological  Survey,  while  Mr.  W.  W.  Watts,  another 
member  of  the  Survey,  has  studied  the  petrography  of  the  ground,  and  has 
traced  the  boundaries  of  the  several  rock-groups  so  far  as  these  can  be 
determined.  Confirming  generally  the  stratigraphical  arrangement  sketched 
by  Messrs.  Hill  and  Bonney,  Mr.  Watts  has  proposed  the  following  classi- 
fication of  the  rocks  : —  ^ 

7  Groby  and  Swithland  slates.  ] 

6.  Hanging    Rocks    conglomerate    and  -  The  Brand  series. 

Bradgate  quartzite.  j 

5.  Woodhouse  beds  (ashy  grits). 

4.  Slate-agglomerate  of  Hoecliffe. 

3.  Homstone  beds  of  Beacon  Hill. 

2.  Felsitic  agglomerate  of  Benscliffe. 

1.  Quartzose,  felsjiathic  and  felsitic  grits  .  The  Blackbrook  series. 


The  Maplewell  series  (volcanic 
tuffs  and  agglomei-ates). 


Under  any  computation  or  measurement,  the  total  thickness  of  detrital 
material  in  this  series  of  formations  must  amount  to  several  thousand  feet. 
The  chief  interest  centres  in  the  middle  series,  which  consists  largely  of 
fragmental  volcanic  rocks,  with  intercalations  of  slate  and  grit.  As  was 
first  shown  by  Mr.  Hill  and  Professor  Bonney,  these  volcanic  materials 
vary  from  exceedingly  coarse  agglomerates  to  fine,  ashy  or  felspathic 
slates.  In  most  cases  distinct  l)edding  can  be  recognized  in  them,  but 
more  particularly  in  the  fine-grained  material  Yet  even  among  the 
massive  agglomerates  a  tendency  may  be  seen  towards  an  orientation  of 
the  blocks  with  their  long  axes  parallel.  That  this  arrangement  is  not 
entirely  due  to  the  effects  of  cleavage  may  be  inferred  from  the  many 
exceptions  to  it,  which  would  hardly  have  occurred  had  such  powerful 
cleavage  affected  the  whole  district,  as  would  be  needed  to  rearrange  the 
large  blocks  in  the  agglomerates.      Besides,  the  coarser  parts  often  inter- 

*  Annual  Report  of  Director-General  of  the  Geological  Survey,  in  the  Reixyri  of  Science  aiid 
Art  Department  for  1895. 
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calate  with  fine  felspathic  grits,  which  distinctly  mark  the  stratification  of 
the  whole. 

The  remarkably  coarse  breccia  of  Benscliffe  is  mainly  made  up  of  blocks 
of  quartz-porphyry,  felsite  or  rhyolite,  with  slate  fragments.  The  Eoecliffe 
agglomerate,  another  extraordinarily  coarse  rock,  consists  of  slate  fragments 
imbedded  in  an  andesitic  matrix,  some  of  the  blocks  of  slate  being  six 
feet  long.  The  finer  tuffs  have  been  ascertained  to  consist  of  felsitic  or 
andesitic  detritus,  sometimes  forming  exceedingly  compact  flinty  rocks  or 
hornstones. 

In  this  thick  accumulation  of  detrital  rocks  we  are  presented  with  a 
series  of  alternations  of  coarser  and  finer  pyroclastic  material,  interstratified 
among  green,  grey  and  purple  slates  and  grits,  which  probably  represent 
the  non-volcanic  sediments  of  the  time  of  eruption.  The  succession  of 
strata  bears  witness  to  a  long  series  of  eruptions  of  varying  intensity,  but 
culminating  at  two  distinct  periods  in  the  discharge  of  huge  blocks  of  rock 
(Benscliffe  and  Eoecliffe  agglomerates). 

After  some  search  I  have  been  unable  to  detect  a  single  vesicular  frag- 
ment among  the  stones  in  the  breccias  and  tuffs,  and  Messrs.  Hill  and 
Bonney  were  not  more  successful  Not  a  trace  of  anything  in  the  least 
degree  scoriaceous  is  anywhere  to  be  found.  The  paste  in  which  the  blocks 
lie  consists  of  such  fine  material  as  would  result  from  the  trituration  of 
fekite  and  slate.  It  contains  many  broken  crystals  of  felspar,  with  grains 
of  clear  quartz.  A  gradation  can  be  traced  from  the  coarser  into  the  finer 
bands  of  volcanic  and  non-volcanic  material,  fine  slates  being  also  inter- 
leaved with  highly-felspathic  partings  of  grit. 

Having  looked  with  some  care  for  a  trace  of  a  true  volcanic  neck  in 
the  district,  I  have  not  seen  anything  that  could  be  unhesitatingly  so 
designated.  Even  in  the  north-western  part  of  the  district,  where  the 
breccias  are  coarsest,  and  there  is  least  trace  of  ordinary  sediments,  some 
signs  of  bedding  can  usually  be  detected  in  the  position  of  the  imbedded 
stones  and  the  partings  of  finer  tuff.  Both  the  coarser  and  finer  detritus 
suggest  the  kind  of  material  discharged  from  vents  before  the  uprise  of  any 
lava.  The  entire  absence  of  scoriaceous  fragments  is  noteworthy,  and  the 
abundance  of  slate  blocks  rather  points  to  the  early  eruptions  of  a  volcanic 
focus.  Possibly,  while  the  chief  centre  of  eruption  lay  towards  the  north- 
west, numerous  vents  may  have  been  opened  all  over  the  district,  discharging 
abundant  showers  of  dust  and  stones,  but  seldom  or  never  culminating  in 
the  actual  outpouring  of  lava. 

No  indubitable  lava-sheet  has,  in  my  judgment,  been  yet  recognized  in 
Charnwood  Forest.  Various  opinions  have  been  expressed  as  to  some  of 
the  more  compact  close-grained  rocks,  and  even  the  verdicts  of  the  same 
observers  have  varied  from  time  to  time,  the  rocks  once  considered  as  felsites 
being  afterwards  regarded  as  tuffs,  and  subsequently  placed  with  the  felsites 
or  andesites  after  all.  It  is  not  necessary  for  my  present  purpose  to  enter 
into  these  questions,  which  are  rather  of  local  interest.  I  will  only  say 
that,  in  my  opinion,  the  rocks  of  Sharpley,  Peldar,  and  Bardon  Hill  are 
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massive  rocks,  as  they  have  finally  been  classed  by  Messrs.  Hill  and  Bonney. 
But  I  cannot  look  upon  them  as  lavas,  at  least  I  have  seen  no  evidence  to 
lead  me  to  believe  that  they  were  ever  erupted  at  the  surface.  I  have  fully 
considered  the  arguments  of  Mr.  Hill  and  Professor  Bonney  on  this  point.^ 
There  can,  I  think,  be  no  doubt  of  the  close  association  of  these  felsitic 
rocks  and  the  breccias,  but  the  structure  of  the  rocks  in  the  field  seems  to 
me  to  be  decidedly  in  favour  of  the  view  expressed  above.  The  microscope 
affords  no  assistance  in  the  question.^  The  doubtful  rocks  seem  to  me  rather 
to  be  intrusive  masses  which  have  been  protruded  into  the  volcanic  sedi- 
mentary series  among  which  they  rise.  They  are  acid,  fine-grained,  porphyritic 
rocks,  which  would  formerly  have  been  included  under  the  general  name  of 
felsites  or  quartz-porphyries.  Their  coarse  porphyritic  parts  rapidly  pass 
into  close-grained  felsitic  material.  Many  of  the  blocks  in  the  breccias 
are  precisely  like  parts  of  these  rocks.  It  might  hence  be  asserted 
that  these  fragmental  deposits  are  later  than  the  eruptive  bosses.  At 
least  it  is  obvious  that  rocks  of  the  same  type  as  those  of  Sharpley, 
Peldar,  and  Bardon  Hill  must  have  been  disrupted  to  produce  the  coarse 
breccias. 

Later  eruptive  rocks,  consisting  of  masses  of  syenite  and  granite,  with 
still  younger  dykes  of  dolerite,  andesite,  diorite  and  felsite,  have  successively 
made  their  appearance,  and  add  to  the  diversity  of  the  igneous  phenomena 
of  this  district. 

The  question  of  the  age  of  this  isolated  volcanic  series  is  one  of  much 
interest,  but  of  great  perplexity.  Though  a  resemblance  may  be  admitted 
to  exist  between  some  of  the  slates  and  parts  of  the  Cambrian  system  of 
Xorth  Wales,  the  difference  between  the  Charnwood  rocks  and  the  un- 
doubted Cambrian  series  of  Warwickshire,  only  thirteen  miles  to  the  south- 
west, is  such  as  to  indicate  that  the  former  are  probably  older  than  the 
latter.  While  the  Charnwood  rocks  have  been  intensely  cleaved  and 
crushed,  those  of  Warwickshire  have  undergone  no  such  change.  The 
argillaceous  strata  in  the  one  region  have  been  converted  into  slates,  in  the 
other  they  remain  mere  shales.  Though  cleavage  is  sometimes  irregularly 
developed,  its  rapid  disappearance  in  so  short  a  distance  as  the  interval 
between  Charnwood  Forest  and  Nuneaton  seems  most  explicable  if  we 
suppose  that  the  rocks  at  the  more  easterly  locality  were  cleaved  before 
those  towards  the  west  were  deposited.  If  this  inference  be  well  grounded 
the  pre-Cambrian  age  of  the  Charnwood  volcanoes  would  be  established. 
But  the  argument  is  not  conclusive.  No  fossils  of  any  kind  have  yet  been 
found  in  any  of  the  old  rocks  of  Charnwood.^  Merely  lithological  resem- 
blances or  differences  are  all  that  can  be  used  as  a  guide  to  the  geological 
age  of  these  masses.     Mr.  Watts  has  suggested  that  possibly  the  quartzite 

1  Qwiri,  Jourrn.  Ocol.  Soc.  xlvii.  (1891),  pp.  80-88. 

'  See  Messrs.  Hill  and  Bonney,  op.  cit.  xxxiv.  (1878),  p.  211. 

'  Since  this  ]>age  was  in  type.  Professor  Lapworth  has  found  a  worm-burrow  low  down  in  the 
Brand  Series,  and  one  or  two  additional  examples  have  since  been  obtained  by  Mr.  J.  Rhodes  of 
the  Geological  Survey.  These  are  the  first  undoubted  organisms  from  the  Charnwood  Forest 
rocks.     Mr.  Watts,  Oeol.  Mag.  1896,  p.  487. 
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of  Bradgate  (No.  6  of  the  Charnwood  groups)  may  be  the  equivalent  of  the 
(juartzite  which  in  Shropshire  and  Warwickshire  forms  the  base  of  the 
sedimentary  Cambrian  formations.  If  that  correlation  could  Ije  established, 
the  volcanic  series  l^elow  the  quartzite  in  Charnwood  might  be  regarded  as 
representing  the  Uriconian  volcanic  series  of  Shropshire. 
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CHAPTER  IX 

CHABACTERISTICS    OF   THE    CAMBRIAN    SYSTEM    IN    BRITAIN 

The  Physical  Geography  of  the  Cambrian  Period — The  Pioneers  of  Palaeozoic  Geolog}'  in 
Britain — Work  of  the  Geological  Survey  in  Wales — Sulxlivisions  of  the  Cambrian 
System  in  Britain. 

Ix  leaving  the  investigation  of  the  pre-Cambrian  rocks  and  entering  upon 
that  of  the  Palaeozoic  systems,  that  is,  the  great  series  of  sedimentary  for- 
mations which  include  the  earliest  records  of  organized  life  upon  the  surface  of 
the  globe,  the  geologist  feels  much  as  the  historian  when,  quitting  the  domain 
of  legend  and  tradition,  he  can  tread  firmly  in  the  region  of  documentary 
evidence.  From  the  bottom  of  the  Cambrian  system  upward  through  the 
long  series  of  geological  formations,  the  chronicle,  though  often  sadly  in- 
complete, is  usually  clear  and  legible.  As  we  follow  the  lowest  fossili- 
ferous  strata  across  a  territory,  we  recognize  that  they  bear  witness  to  the 
same  processes  of  denudation  and  deposition  which  have  been  going  on 
uninterruptedly  on  the  face  of  the  globe  ever  since.  The  beds  of  conglo- 
merate represent  the  gravels  and  shingles  of  old  coast-lines  and  river-beds. 
The  sandstones  recall  the  familiar  features  of  sandy  sea-bottoms  not  far 
from  land.  The  shales  bear  witness  to  the  fall  of  fine  sediment  in  stiller 
water,  such  as  now  takes  place  in  the  deeper  parts  of  seas  and  lakes.  Not- 
withstanding their  vast  antiquity,  the  strata  themselves  exhibit  no  exceptional 
peculiarities  of  origin.  They  seem  to  be  just  such  familiar  deposits  as  are 
gathering  under  fitting  conditions  at  the  present  time. 

Some  writers  have  speculated  on  the  far  greater  intensity  of  all  geo- 
logical activities  in  the  early  times  of  the  planet's  history.  But  if  we  may 
interpret  the  record  of  the  stratified  formations  by  the  phenomena  of  to- 
day, there  is  for  these  speculations  no  confirmation  in  the  sedimentation  of 
the  oldest  stratified  deposits.     It  is  of  coui^se  quite  intelligible,  if  not  x^rob- 
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able,  that  many  geological  forces  may  have  been  more  vigorous  in  primeval 
times  than  they  afterwards  became.  But  of  the  gigantic  tides,  prodigious 
denudation  and  violent  huddling  together  of  the  waste  of  the  earth's 
surface,  which  have  been  postulated  for  the  early  Palaeozoic  ages,  there  is 
assuredly  nowhere  any  indication  among  the  stratified  formations.  In 
those  vast  orderly  repositories,  layer  succeeds  layer  among  thinly -lami- 
nated shales,  as  gently  and  equably  as  the  fine  silt  of  each  tide  sinks  to- 
day over  the  floor  of  a  sheltered  estuary.  At  the  primeval  period  of 
which  these  sediments  are  the  memorial,  the  waters  receded  from  flat 
shores  and  left  tracts  of  mud  bare  to  the  sky,  precisely  as  they  do  still. 
Then  as  now,  the  sun  shone  and  dried  such  mud-flats,  covering  their  surfaces 
with  a  network  of  cracks ;  the  rain  fell  in  heavy  drops,  that  left  their 
imprints  on  the  drying  mud ;  and  the  next  tide  rose  so  gently  as  to  over- 
flow these  records  of  sunshine  and  shower  without  effacing  them,  but 
spreading  over  them  a  fresh  film  of  sediment,  to  be  succeeded  by  other 
slowly-accimiulating  layers,  under  which  they  have  lain  preserved  during 
the  long  cycles  of  geological  history. 

That  organized  creatures  had  already  appeared  upon  the  earth's  surface 
before  the  beginning  of  the  Cambrian  period  cannot  be  doubted.  The 
animal  remains  in  the  lowest  Cambrian  strata  are  far  from  being  the  simple 
forms  which  might  be  expected  to  indicate  the  first  start  of  animal  life 
upon  the  surface  of  the  earth.  On  the  contrary,  though  they  are  com- 
paratively scanty  in  types,  and  often  rare  or  absent  throughout  a  thick 
mass  of  sedimentary  deposits,  they  show  beyond  dispute  that,  when  they 
flourished,  invertebrate  life  had  already  reached  such  a  stage  of  advancement 
and  differentiation  that  various  leading  types  had  appeared  which  have 
descended,  in  some  cases  with  generic  identity,  down  to  our  own  day.  There 
must  have  been  a  long  pedigree  to  these  organisms  of  the  oldest  known 
fossiliferous  rocks.  And  somewhere  on  the  earth's  surface  we  may  yet  hope 
to  find  the  remains  of  their  progenitors  in  pre-Cambrian  deposits. 

The  researches  of  many  explorers  in  Europe  and  North  America  have 
brought  to  light  an  interesting  series  of  organic  remains  from  the  Cam- 
brian system.  Of  the  plants  of  the  time  hardly  any  traces  have  survived, 
save  some  markings  which  have  been  referred  to  sea-weeds.  The  earliest 
known  sponges  and  corals  occur  in  this  system,  likewise  the  ancestors  of 
the  graptolites,  which  played  so  prominent  a  part  in  the  life  of  the  next  or 
Silurian  period.  There  were  already  representatives  of  crinoids  and  star- 
fishes, besides  examples  of  the  extinct  group  of  cystideans.  Sea-worms 
crawled  over  the  muddy  and  sandy  sea-bottom,  for  they  have  left  their 
trails  and  burrows  in  the  hardened  sediments.  Molluscs  had  by  this  tinie 
appeared  in  their  four  great  divisions  of  Brachiopods,  Lamellibranchs,  Gastero- 
pods  and  Cephalopods,  though  the  forms  yet  discovered  among  Cambrian 
rocks  are  comparatively  few.  The  most  abundant  and  characteristic  inhabit- 
ants of  the  Cambrian  seas  were  the  trilobites,  of  which  many  genera  have 
been  disinterred  from  the  strata.  In  the  lowest  fossiliferous  Cambrian 
group  the  trilobitic  genus  OUndlus,  already  referred  to,  is  the  characteristic 
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form.  Higher  up  Paradoxides  is  predoiniiiant,  while  towards  the  top  of  the 
system  the  most  characteristic  genus  is  Olenus. 

From  the  organic  remains  which  have  been  preserved,  we  may  legiti- 
mately infer  the  existence  of  others  which  have  entirely  disappeared.  There 
seems  no  reason  to  doubt  that  the  leading  grades  of  invertebrate  life  which  are 
wanting  in  the  known  Cambrian  fauna  were  really  represented  in  the  Cam- 
brian seas.  The  chance  discovery  of  a  band  of  limestone  may  any  day 
entirely  alter  our  knowledge  as  to  the  relative  proportions  of  the  several 
divisions  of  the  animal  kingdom  in  the  earliest  Palaeozoic  rocks.  Sand 
is  rather  adverse  to  the  preservation  of  a  varied  representation  of  the 
organisms  of  the  overlying  sea- water.  Mud  is  generally  favourable,  but  cal- 
careous £UXJumulations  are  greatly  more  so,  and  they  usually  consist  almost 
entirely  of  organic  remains.  Thus  in  the  Cambrian  series  of  the  north-west 
of  Scotland  the  quartzites  that  form  the  lower  group,  though  sometimes 
crowded  with  worm-burrows,  contain  hardly  any  other  sign  of  organisms. 
The  overlying  shales,  besides  their  abundant  worm-castings,  have  yielded 
perfect  specimens  of  Olenellus  and  other  fossils.  But  in  the  uppermost  group, 
consisting  of  limestones,  every  particle  of  the  sediment  appears  to  have  passed 
through  the  intestines  of  worms,  and  as  it  gathered  on  the  sea-bottom  it 
enclosed  and  has  preserved  a  varied  and  abundant  assemblage  of  organisms, 
including  trilobites,  gasteropods  and  a  number  of  cephalopods.  While  in 
the  Cambrian  rocks  of  Europe  calcareous  bands  are  comparatively  rare,  in 
those  of  North  America  they  are  not  infrequent.  Hence  it  is  largely  from 
American  deposits  that  our  knowledge  of  the  Cambrian  fauna  has  been 
derived. 

Not  a  vestige  of  any  vertebrate  organism  has  yet  been  detected  among 
the  earlier  Palaeozoic  sediments.  So  far  as  we  know,  there  were  no  fishes 
in  the  Cambrian  seas.  The  highest  organisms  then  existing  were  cham- 
bered shells,  a  once  abundant  and  singularly  varied  class,  of  which  the  living 
Nautilus  is  now  the  sole  representative. 

In  trying  to  realize  the  general  geographical  conditions  of  Cambrian 
time,  the  geologist  finds  himself  entirely  without  any  evidence  as  to  the 
character  of  the  terrestrial  vegetation.  We  can  hardly  doubt  that  the  land 
was  clothed  with  plants,  probably  including  lycopods  and  ferns,  possibly 
even  cycads  and  conifers.  But  no  remains  of  this  flora  have  yet  been 
recovered.  Nor  have  any  traces  of  land-animals  been  detected.  All  that 
we  yet  know  of  the  life  of  the  period  has  been  gleaned  from  marine  sedi- 
ments, which  show  that  the  invertebrate  population  by  which  the  sea  was 
then  tenanted  embraced  some  of  the  leading  types  of  structure  that  have 
survived  through  all  the  long  vista  of  geological  time  down  to  our  own 

day. 

Some  of  the  shore-lines  of  the  Cambrian  waters  may  still  be  traced,  and 
it  is  possible  to  say  where  the  land  of  the  time  stood  and  where  lay  the  sea. 
In  the  British  area  the  largest  relic  of  Cambrian  land  is  found  in  the  far 
north-west  of  Scotland.  Formed  partly  of  the  Lewisian  Gneiss  and  partly 
of  the    Torridon    Sandstone,  it   takes  in   the  whole   chain   of   the  Outer 
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Hebrides  and  likewise  part  of  the  present  western  seaboard  of  Sutherland 
and  Koss.  Along  the  margin  of  that  northern  land  the  white  sand  was  laid 
down  which  now  gleams  in  sheets  of  snow-like  quartzite  on  most  of  the  higher 
mountains  from  Cape  Wrath  to  Skye.  The  sea  lay  to  'the  east  and,  so  far 
as  we  know,  may  have  stretched  across  the  rest  of  Scotland,  and  the  north 
and  centre  of  England.  Another  vestige  of  the  land  of  this  ancient  era  occurs 
in  Anglesey.  There,  and  likewise  over  scattered  tracts  in  the  Midlands, 
and  in  the  south-west  of  England,  the  geologist  seems  to  descry  the  last 
relics  of  islets  that  rose  out  of  the  Cambrian  sea,  and  are  now  surrounded 
with  its  hardened  sediments. 

While  such  was  the  general  aspect  of  the  region  of  the  British  Isles 
during  Cambrian  time,  volcanic  action  manifested  itself  at  various  localities 
over  the  area,  breaking  out  on  the  sea-bottom,  and  pouring  forth  sheets  of 
lava  and  showers  of  ashes,  which  mingled  with  the  sand  and  silt  that  were 
settling  there  at  the  time.  In  the  northern  or  Scottish  tract  no  trace  of 
this  subterranean  activity  has  been  found ;  but  in  the  English  Midlands 
and  over  much  of  Wales  abimdant  evidence  has  been  obtained  to  show  that 
in  those  districts  the  Cambrian  period  was  marked  by  frequent  and  pro- 
longed eruptions. 

As  its  name  denotes,  the  Cambrian  system  is  typically  developed  in 
Wales.  It  was  there  that  Sedgwick  first  worked  out  the  stratigraphieal 
relations  of  its  ancient  sediments,  and  that  Murchison  demonstrated  the 
succession  of  organic  remains  contained  in  them,  applying  to  them  the 
principles  of  classification  laid  down  by  William  Smith  in  regard  to  the 
Secondary  formations.  It  was  there  too  that  some  of  the  earliest  and 
most  memorable  achievements  were  made  in  the  investigation  of  ancient 
volcanic  rocks.  Sedgwick  and  Murchison,  besides  the  admirable  work 
which  they  accomplished  in  establishing  the  stratigraphy  of  the  older 
Palaeozoic  formations,  clearly  recognized  that  among  these  formations  there 
were  preserved  the  records  of  contemporaneous  submarine  eruptions.  Sedg- 
wick showed  that  the  mountainous  masses  of  eruptive  rock  in  North  Wales  ' 
were  really  lavas  and  ashes,  which  had  been  discharged  over  the  sea-floor  at 
the  time  when  the  ancient  sediments  of  that  region  were  deposited,  while 
Murchison  established  the  same  fact  by  numerous  observations  in  the  east 
and  south  of  Wales,  and  in  the  bordering  English  countiea  De  la  Beche 
had  found  similar  evidence  among  the  "  grauwacke  "  rocks  of  Devonshire.^ 

Following  in  the  track  thus  opened  up  by  these  great  masters,  the  ofl&cers 
of  the  Greological  Survey  were  enabled  to  imravel,  as  had  never  before  been 
attempted,  the  complicated  structure  of  the  old  volcanic  regions  of  Wales. 

^  For  early  researches  on  the  older  Palaeozoic  volcanic  rocks  of  Britain,  see  Sedgwick,  Froc, 
Oeol.  Soc,  vols.  ii.  (1838)  pp.  678,  679,  iii.  (1841)  p.  648,  iv.  (1843)  p.  216  ;  Quart.  Joum,  Geol. 
Soe,  vols.  i.  (1845)  pp.  8-17,  iii.  (1847)  p.  134.  Murchison,  Proc,  Oeol.  Soc.  vol.  ii.  (1838-34)  i>. 
85  ;  Silurian  System  (1839)  pp.  225,  258,  268,  287,  317,  324,  401  ;  Siluria,  4th  edit. 
(1867)  p.  76  et  seq.  De  la  Beche,  Mem.  Geol.  Sxirvey,  vol.  i.  (1846)  pp.  29-36.  A.  C.  Ramsay 
in  the  Maps  and  Horizontal  Sections  of  Wales  published  by  the  Geological  Survey  ;  also 
Descriptive  Catalogue  of  the  Rock -Specimens  in  the  Museum  of  Practical  Geology,  1st  edit. 
(1858),  2nd  edit.  (1859),  3rd  edit.  (1862) ;  **The  Geology  of  North  Wales,"  forming  vol.  iii.  of 
Memoirs  of  the  Geological  Survey,  1st  edit.  (1866),  2nd  edit.  (1881). 
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At  the  outset  of  the  following  discussion  I  wish  to  express  my  admiration 
of  the  labours  of  the  early  pioneers  who  thus  laid  for  us  the  foundation  of 
our  knowledge  of  volcanic  action  in  the  Palfeozoic  periods.  To  De  la  Beche 
and  his  associates  in  the  Survey  a  special  measure  of  gratitude  is  due  from 
all  who  have  followed  in  their  steps  and  profited  by  their  work.  When  we 
consider  the  condition  of  geological  science,  and  especially  of  the  department 
of  petrography,  in  this  country  at  the  time  when  these  early  and  detailed 
investigations  were  carried  on,  when  we  remember  the  imperfection  of  much 
of  the  topography  on  the  old  one-inch  Ordnance  maps  (which  were  the  only 
maps  then  available),  when  we  call  to  mind  the  rugged  and  lofty  nature  of 
the  ground  where  some  of  the  most  complicated  geological  structures  are 
displayed,  we  must  admit  that  at  the  period  when  these  maps  and  sections 
were  produced  they  could  not  have  been  better  done ;  nay,  that  as  in  some 
important  respects  they  were  distinctly  in  advance  of  their  time,  their 
publication  marked  an  era  in  the  progress  of  structural,  and  especially  of 
volcanic,  geology.  The  separation  of  lavas  and  tuffs  over  hundreds  of 
square  miles  in  a  mountainous  region,  the  discrimination  of  intrusive  sheets 
and  eruptive  bosses,  the  determination  of  successive  stratigraphical  zones  of 
volcanic  activity  among  some  of  the  oldest  fossiliferous  formations,  were 
achievements  which  will  ever  place  the  names  of  Eamsay,  Selwyn,  Jukes 
and  their  associates  high  in  the  bede-roU  of  geological  science.  No  one 
ever  thinks  now  of  making  a  geological  excursion  into  Wales  without 
carrying  with  him  the  sheets  of  the  Geological  Survey  map.  These  form 
his  guide  and  handbook,  and  furnish  him  with  the  basis  of  information  from 
which  he  starts  in  his  own  researches. 

But  science  does  not  stand  still.  The  most  perfect  geological  map  that 
can  be  made  to-day  will  be  capable  of  improvement  thirty  or  forty  years 
hence.  The  maps  of  the  (Jeological  Survey  are  no  exception  to  this  rule. 
In  criticizing  and  correcting  them,  however,  let  us  judge  them  not  by  the 
standard  of  knowledge  which  we  have  now  reached,  but  by  that  of  the  time 
when  they  were  prepared.  It  is  easy  to  criticize ;  it  is  not  so  easy  to 
recognize  how  much  we  owe  to  the  very  work  which  we  pronounce  to  be 
imperfect. 

The  ancient  volcanoes  of  Wales,  thanks  mainly  to  the  admirable  labours 
of  my  former  friend  and  chief.  Sir  Andrew  C.  Ramsay,  have  taken  a  familiar 
place  in  geological  literature.  But  a  good  deal  has  been  learnt  regarding 
them  since  he  mapped  and  wrote.  The  volcanic  history,  as  he  viewed  it, 
began  in  the  Arenig  period.  The  progress  of  subsequent  inquiry,  however, 
has  shown  that  there  are  volcanic  rocks  in  Wales  of  much  older  date.  I 
shall  show  that  the  Cambrian  period,  both  in  South  and  North  Wales,  was 
eminently  volcanic. 

Much  controversy  having  arisen  as  to  the  respective  limits  and  nomen- 
clature of  the  older  Palaeozoic  rocks,  let  me  state,  at  the  outset  of  the 
inquiry  into  the  volcanic  eruptions  of  Cambrian  time,  that  under  the  term 
"  Cambrian "  I  class  all  the  known  Palaeozoic  rocks  which  lie  below  the 
bottom  of  what  is  termed  the  Arenig  group.     It  was  maintained  by  Sir 
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Andrew  Eamsay  and  his  colleagues  on  the  Greological  Survey  that  on  the 
mainland  of  Wales  no  base  is  ever  found  to  the  Cambrian  system.  More 
recently  certain  conglomerates  have  been  fixed  upon  as  the  true  Cambrian 
base,  both  in  South  and  Xorth  Wales,  and  endeavours  have  been  made  to 
trace  an  unconformability  at  that  line,  all  rocks  below  it  being  treated  as 
pre-Cambrian.  But  conglomerates  do  not  necessarily  mark  a  stratigraphical 
discordance,  and  in  South  Wales  there  is  no  trace  of  any  unconformability 
between  the  strata  above  and  below  the  supposed  line  of  break.^  Professor 
Bonney  has  shown  that  in  North  Wales  several  zones  of  conglomerate  have 
been  erroneously  identified  as  the  supposed  basal  platform  of  the  Cambrian 
series,  and  more  recently  Mr.  Blake  has  pointed  out  that  some  of  these 
conglomerates  are  unquestionably  Lower  Silurian. 

My  own  examination  so  far  confirms  the  conclusions  arrived  at  by  these 
observers.  Like  my  predecessors  in  the  Greological  Survey,  however,  I  have 
been  unable  to  detect  anywhere  in  Caernarvonshire  or  Merionethshire  a  base 
to  the  Cambrian  system,  and  I  am  compelled  to  agree  with  them  in 
regarding  as  Cambrian  (partly  even  as  Lower  Silurian)  all  the  rocks  from 
Bangor  to  Llanllyfni,  which  have  more  recently  been  classed  as  pre-Cambrian. 
But  though  thus  supporting  their  general  stratigraphy,  I  am  bound  to 
acknowledge  that  they  failed  to  recognize  the  existence  of  a  great  volcanic 
series  below  the  Arenig  horizon.  The  existence  of  this  series,  noticed  by 
Sedgwick,  was  first  definitely  stated  by  Professor  Hughes,^  and  his  statements 
have  been  confirmed  and  extended  by  subsequent  observers,  notably  by 
Professor  Bonney  and  Mr.  Blake.  The  Cambrian  period  is  thus  proved  to 
have  been  perhaps  even  more  continuously  volcanic  than  the  Lower  Silurian 
period  was  in  Wales. 

The  following  table  shows  the  subdivisions  of  the  Cambrian  system  now 
recognized  in  Britain  : — 


Wales. 

(Ranging  up  to  12,000  feet  or  more.) 


WEin-ERM  England. 
(About  8000  feet.) 


Upper  or  /  Tremadoc  Slates  Shineton  Shales  (Z>ic^?/ogrraj[?/M« 


Olenu^  <  Lingula  Flags  {Lin 
Zones.    \  giilellaj0hHU8f  etc.). 


Middle 

or  Para- 

doxidcs 

Zones. 


Menevian  grouj) 

(Faradoxides). 

( Harlech  and  Llan- 
Lower  or  beris  group  with 
Olenelhts{    basement    volcanic 


or  Dictyanenuif  OlemiSt  etc.). 


Conglomerates  and  limestones 
((iomley),  vrith  Paradoxides^ 
etc. 

Thin  quartzite  passing  up 
into  green  flags,  grits,  shales 
and  sandstone  (Comley  Sand 


Zones.     I    rocks;    bottom  not;      stone), containing O^eTi^/Zu^. 
V   seen. 


N.W.  Scotland. 
(About  2000  feet.) 


Limestones,  about  1500  feet 
thick,  divisible  into  seven 
groups  {ArchaocyathuSy 
M(zclurea,  O^hileta^  Murehi- 
soniaf  Orthoceras  and  vast 
quantities  of  annelid  cast- 
ings). 


Shales  ("fucoid  beds"),  with 
OlenelluSy  SaUtrella^  etc. 

Quartzites  with  annelid  bur- 
rows. The  base  of  the  series 
lies  unconformably  on  pre- 
Cambrian  rocks. 


^  See  a  discussion  of  this  subject  in  Quart.  Journ.  Geol.  Soc.  vol.  xxxix.  (1883),  p,  305. 
'  Jhroe,  Camb,  Phil.  Soc.  vol.  iii.  (1877),  p.  89.     The  Cambrian  volcanic  areas  of  North  Wales 
are  represented  in  Map  II. 


CHAPTER    X 

THE    CAMBRIAN    VOLCANOES    OF    SOUTH    WALES 

In  the  southern  part  of  the  Principality  of  Wales  a  remarkably  varied 
display  of  British  Cambrian  volcanic  rocks  has  been  preserv^ed.  The 
district  around  St.  David's  has  the  distinction  of  being  the  first  in  which 
volcanic  rocks  of  such  high  antiquity  were  recognized.  As  far  back  as  the 
year  1842,  Eamsay  found  that  "  felspathic  volcanic  ash  "  was  associated  with 
other  proofs  of  igneous  action,  and  this  fact  was  recorded  by  him  on  the 
published  Horizontal  Sections  of  the  Geological  Survey.  Unfortunately  he 
afterwards  came  to  regard  the  rocks  as  "  altered  Cambrian,"  thus  following 
certain  hypothetical  views  which,  as  will  be  further  alhided  to  in  the  sequel, 
he  had  adopted  in  explanation  of  the  phenomena  in  Caernarvonshire  and  in 
Anglesey.  The  volcanic  nature  of  these  ancient  materials  was  subsequently 
rediscovered  by  Dr.  Hicks,  who  has  devoted  much  time  and  labour  to  their 
study.  Distinguishing  the  volcanic  series  of  St.  David's  by  the  name 
"  Pebidian,"  he  has  contended  that  it  forms  a  pre-Cambrian  system  separated 
by  an  unconformability  from  the  base  of  the  Cambrian  formations.  He 
Ukewise  endeavoured  to  show  that  an  older  system  of  rhyolitic  lavas,  felsitic 
breccias  and  hiilleflintas  could  be  distinguished,  wliich  he  termed  "  Arvonian  "  ; 
and  more  ancient  still,  a  core  of  granitoid  or  gneissic  rocks,  which  he 
separated  under  the  name  of  "  Dimetian."  My  own  investigation  of  the 
ground  thoroughly  convinced  me  that  there  are  no  pre-Cambrian  rocks  at 
St.  David's ;  that  the  "  Arvonian "  and  "  Dimetian "  series  are  merely 
intrusive  rocks  ((^uartz -porphyry,  granite,  etc.)  which  have  invaded  the 
volcanic  series ;  and  that  the  "  Pebidian,"  instead  of  being  a  pre-Cambrian 
formation  on  which  the  Cambrian  base  rests  unconformal)ly,  is  a  group  of 
volcanic  rocks  into  which  the  Cambrian  strata  pass  down  conformably,  and 
which  in  the  St.  David's  district  constitutes  the  lowest  group  of  the  Cambrian 
system.* 

*  For  Dr.  Hicks'  views,  see  especially  his  papers  in  the  Quart.  Journ.  Geol.  SW.  vols.  xxxi. 
xxxiii.  xxxiv.  xl.  My  criticism  of  them  will  be  found  in  <//>.  cif.  vol.  xxxix.  (1883),  subse- 
quently in  the  main  confirmed  by  Prof.  Lloyd  Morgan,  oj).  cU.  xlvi.  p.  241.  See  also  Prof.  Blake, 
I'p.  cit.  xl.  (1884).  Dr.  Hicks  in  his  more  recent  papers  has  merely  reiterated  his  previously 
published  opinions. 
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The  volcanic  geology  of  St.  David's  poaseeses  a  special  interest  inasmuch 
s&  it  embraeea  a  tolerably  full  development  of  various  features  which 
characterize  the  volcanic  groups  of  later  Palaeozoic  systems.     Though  the 


g, , 


las 


rocks  ai-e  chiefly  tuifa,  they  include  also  sheets  of  lava,  as  well  as  sills,  dykes  and 
bosses.  They  show  a  remarkable  range  in  chemical  composition  from  quite 
basic  to  highly  acid  materials.  They  present  the  amplest  proofs  of  having 
been  erupted  and  spread  out  over  the  sea-bottom,  and  they  likewise  afford 
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clear  evidence  of  alternation  with  the  ordinary  non- volcanic  sediment  of  the 
time  to  which  they  belong.  In  these  respects  they  are  particularly  noteworthy, 
for  they  prove  that  in  the  earliest  Palaeozoic  ages  the  essential  features  of 
volcanic  action  were  already  as  well  developed  as  in  any  subsequent  epoch 
of  geological  history. 

The  volcanic  group  of  St.  David's  attains  a  visible  thickness  of  about 
1800  feet.  Its  upper  part  graduates  upward  into  purple  and  green  Lower 
Cambrian  sandstones.  The  base  of  the  group  is  not  seen  owing  to  the 
plicated  structure  of  the  district.  Hence  the  total  thickness  of  volcanic 
material  cannot  be  determined,  neither  can  we  tell  on  what  it  rests,  whether 
on  a  still  lower  sedimentaiy  series  or  on  some  platform  of  pre-Cambrian 
rocks. 

The  structure  of  the  group,  notwithstanding  all  that  has  been  written 
about  it,  has  never  yet  been  adequately  worked  out.  The  unfortunate  and 
barren  controversy  about  supposed  pre-Cambrian  rocks  at  St.  David's  has 
tended  to  obscure  the  real  importance  of  these  rocks  as  the  oldest  well- 
preserved  record  of  volcanic  action  in  I^ritain.  They  deserve  to  be  carefully 
surveyed  on  maps  of  a  large  scale,  in  the  same  detailed  manner  as  has  been 
so  successfully  applied  to  the  elucidation  of  younger  volcanic  tracts.  Until 
such  detailed  investigation  is  made,  any  account  of  them  which  is  given  can 
be  little  more  than  a  general  outline  of  the  subject.  The  following  description 
is  the  result  of  my  examination  of  the  ground  in  company  with  my  colleague 
•Mr.  B.  X.  Peach,  and  afterwards  with  the  late  Mr.  W.  Topley.^  A  few 
additional  observations,  from  the  subsequent  exploration  of  l*rofessor  Lloyd 
Morgan,^  are  incorporated  in  the  narrative. 

The  geologist  who  traces  these  St.  David's  rocks  in  the  field  cannot 
fail  to  be  struck  with  their  general  resemblance  to  volcanic  masses  of  later 
Palaeozoic  date.  Many  of  the  lavas  and  tuffs  are  in  outward  characters 
quite  indistinguishable  from  those  of  the  Lower  Old  Eed  Sandstone  and 
Carboniferous  systems  of  Britain.  So  many  points  of  detail  may  be  observed 
to  be  common  to  the  Paheozoic  eruptive  rocks  all  over  the  country  from 
the  Cambrian  to  the  Permian  periods  as  to  indicate  that  volcanic 
phenomena  must  have  recurred  under  much  the  same  conditions  throughout 
Palaeozoic  time. 

By  far  the  larger  part  of  the  Cambrian  volcanic  group  of  St.  David's 
consists  of  bedded  tuffs,  though  a  few  lavas  are  interstratified  in  it, 
particularly  towards  the  top.  The  whole  has  subsequently  been  invaded  by 
acid  protrusions,  and  Listly  by  basic  dykes. 

1.  Bedded  Tuffs  and  Lams, — The  tuffs,  which  are  the  predominant 
members  of  the  volcanic  group,  present  many  varieties  of  colour,  from  dark 
purple,  through  tints  of  brick-red  and  lilac,  to  pale  pink,  yellow  and  creamy 
white,  but  not   mifrequently  assume  various  shades  of  dull   green.     They 

*  Quart,  Joumi.  Ocol.  *SW.  vol.  xxxix.  (1883),  p.  '29\  ct  srq.  While  the  essential  j)arts  of  the 
investigation  are  given  in  the  following  pages,  I  would  refer  the  reader  to  this  pa2»er  for  details 
not  transferred  to  the  present  volume. 

»  OjK  ciL  vol.  xlvi.  (1890),  p.  241. 
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vary  likewise  in  texture  from  somewhat  coarse  breccias  or  agglomerates, 
through  many  gradations,  into  fine  silky  schists  in  which  the  tuflfaceous 
character  is  almost  lost.  Generally  they  are  distinctly  granular,  presenting 
to  the  naked  eye  abundant  angular  and  subangular  lapilli,  among  whicli 
broken  crystals  of  a  white,  somewhat  kaolinized,  felspar  and  fragments  of 
fine-grained  felsite  are  often  conspicuous.  The  greater  part  of  the  tuffs, 
particularly  the  purple,  i*ed  and  dark-green  varieties,  which  constitute  so 
large  a  proportion  of  the  whole,  has  been  derived  from  the  explasion  of 
basic  rocks  similar  in  character  to  the  diabases  now  found  associated  with 
them.  On  the  other  hand,  the  paler  varieties,  both  in  the  form  of  fine 
tufiFs  and  of  breccias,  have  probably  resulted  mainly  from  the  destruction  of 
more  siliceous  lavas,  probably  felsitea  (rhyolites)  or  other  acid  rocks. 

That  many  of  the  tuffs  are  due  to  the  destruction  of  diabase -lavas 
may  be  surmised  from  their  close  general  external  resemblance  to  these 
rocks,  and  from  the  way  in  which  they  are  associated  with  the  con- 
temporaneous sheets  of  diabase.  Some  of  the  dull  dark-purple  tuffs 
might  almost  at  first  sight  be  mistaken  for  truly  eruptive  rocks.  The 
analyses  of  two  typical  examples  of  these  basic  tuffs  (Xos.  I.  and  II.),  and 
one  (Xo.  III.)  of  an  intermediate  variety  containing  an  admixture  of  acid 
fragments,  are  given  in  the  subjoined  tiible. 


SiOo    !  Al.jOs 

Fe.,.()3 

FeO    MnO 

1 

CaO      MkO 

1 

K..() '  Na.,0 

1 

H.,Oancli 

Loss  on  ,  ToUl. 

Ignition.  1 

Specific 
Gravity. 

1 
1 

I. 

51-25 

1             ' 
20-41      3-02    3-91    0-21 

4-53    7-22 

2-93 

1-82 

5-02     100-32 

1 
2-84 

II. 

48-11 

13-30     3-70  ;8-10   1-43    8-48  i  9*51 

1 

1-57 

1-96 

4-21      100-37 

1 

2-92 

III. 

61-54 

'  16-30 

1 

4-40 

1 

3-66,0-32  ,3-08    2-99 

1*62 

2-81 

2-99        99-71 

•  •  • 

I.  Purplish -red  slialy  tuff  from  below  oli  vine-diabase,  Crag  Rhosson.     Analysis  by  Mr.  J.  S. 
Grant  Wilson. 
II.  Dull  purple  and  green  tuff  from  the  lowest  group  of  tuffs  between  Pen-maen-melyn  and 

Pen-y-foel.     Analysis  by  Mr.  "Wilson. 
III.  Greenish  shaly  finely  granular  tuff,  from  road-side,  north  of  Board  Schools,  St.  David's. 
Analysis  by  Prof.  A.  Renard  of  Ghent. 

Although  the  majority  of  the  tufts  are  more  or  less  basic,  they  frequently 
contain  evidence  in  the  form  of  small  felsitic  lapilli  that  acid  lavas  were 
present  in  the  eruptive  vents,  while  the  pale  tuffs  show  that  at  the  time  of 
their  discharge  it  was  these  acid  lavas  and  not  the  diabases  that  were 
blown  out  by  the  explosions.  Appended  are  three  analyses  of  the  acid 
tufis  (Nos.  IV.  V.  and  VI.). 
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IV. 

8i02 

Al-jOi 

FegOs 

FeO 

MnO 

CaO 
0-52 

MgO 

K.jO 
2-98 

NagO 

H-jO  and 

LoK8  on 

Ignition. 

Total 

Specific 
Gravity. 

2-55 

80-69    11-29  '   0-28 

1*41  trace 

0-95 

0-72 

1-96 

100-70 

V. 

73-42  '  12-09 

0-91    3-13 

0-25 

2-94!  1-12 

1 

1-67 

3-88 

1-28 

100-69- 

2-74 

VI. 

72-63    16-23 

1 

2-70 

0-48 

•  •  • 

0-18 

1 

1-36 

3-35 

0-15 

3-04 

;  100-12' 

•  •  • 

IV.  Greenish  felsitic  breccia,  Clegyr  Hill ;  angular  fragments  of  various  felsites  in  a  greenish 

base.     Analysis  by  Mr.  J.  S.  Grant  Wilson. 
V.  Grey  granular  felsitic  tuff,  Bridge  over  Allan  River  north  from  St.  David's  Board  Schools. 

Analysis  by  Mr.  Wilson. 
VI.  Pale  innkish-white,  finely  schistose  tuff — a  characteristic  sample  of  the  "  Porth-lisky 

schist**."     Analysis  by  Prof.  Renard. 


Many  varieties  of  texture  can  be  traced  among  the  tuffs,  from  coarse 
breccias  or  agglomerates,  with  blocks  a  yard  or  more  in  length,  to  fine 
schistose  mudstones  or  sericitic  schists.  One  of  the  most  remarkable  of  the 
finer  kinds,  found  near  Pen-y-foel,  is  externally  dirty-green,  compact  and 
tolerably  homogeneous,  but  with  distinct  evidence  of  its  clastic  character. 
Under  the  microscope  it  is  found  to  be  composed  mainly  of  lapilli  of  a 
jieculiar  rock,  which  is  characterized  by  the  al>undance  and  freshness  of  its 
plagioclase  (an  unusual  feature  in  the  volcanic  group  of  St.  David's)  ;  by  the 
large,  well-defined  crystals  (one  of  which  measured  0*022  inch  by  0*0125 
inch)  of  augite ;  by  large  crystals  replaced  by  green  decomposition-products, 
but  having  the  external  form  of  olivine ;  by  the  absence  or  scantiness  of 
any  base  or  groundmass ;  and,  in  many  of  the  lapilli,  by  the  abundance  of 
sphericjil  cells,  either  empty  or  filled  up  as  amygdales  with  decomposition- 
products.  These  si)herical  vapour- vesicles,  so  characteristic  of  the  basic  or 
palagonitic  lapilli  in  many  Palaeozoic  volcanic  vents,  were  found  in  one 
fragment,  where  they  were  particularly  al)undant,  to  range  from  a 
minimum  of  0*0008  inch  to  a  maximum  of  00033  inch,  with  a  mean  of 
aliout  0*0018.  The  rock  from  which  these  lapilli  have  been  derived  comes 
nearest  to  one  of  the  diabases  from  the  same  part  of  the  district  (which 
will  afterwards  be  referred  to),  but  shows  a  closer  approach  to  basalt  rocks. 

Another  interesting  tuff  is  that  of  which  the  analysis  (Xo.  II.)  has 
been  given.  It  occm-s  not  far  from  the  horizon  of  the  rock  just  descril)e(I. 
Under  a  low  power,  it  is  seen  to  be  composed  mainly  of  fragments  of 
diabase  like  the  rocks  of  Ehosson  and  ClegjT  Foig.  These  fragments  are 
subangular,  or  irregular  in  shape,  and  vary  considerably  in  size.  Tliey  arc 
sometimes  finely  cellular — the  cavities,  as  in  the  case  just  referred  to,  being 
sphericaL  The  plagioclase  crystals  in  the  diabase-lapilli  are  everywhere 
conspicuous ;  so  also  is  the  augite,  which  occurs  in  larger  forms  than  in  the 
rock  of  Rhosson  or  Clegyr  Foig.  Next  in  abundance  to  these  basic  frag- 
ments are  rounded  or  subangular  pieces  of  felsite.  These  weather  out  in 
conspicuous  grey  rough  projections  on  the  exposed  face  of  the  rock  ;  under 
the  microscope  they  are  seen  to  consist  of  fine  granular  felsite,  which  shows 
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a  groundmass  remaining  dark  between  crossed  nicols,  but  with  luminous 
points  and  filaments,  and  an  occasional  spherulite  giving  the  usual  cross  in 
polarized  light.  Lapilli  of  an  older  tuft*  may  here  and  there  be  detected. 
A  few  angular  and  subangular  grains  of  quartz  are  scattered  through 
the  rock.  The  lapilli  are  bound  together  by  a  finely-granular  dirty -green 
substance. 

As  a  typical  illustration  of  the  minute  structure  of  the  felsitic  tufls, 
I  may  refer  to  the  rock  No.  V.  of  the  foregoing  analyses.  It  is  composed 
mainly  of  fragments  of  various  felsites,  many  of  which  show  good  flow- 
structure.  Large,  and  usually  broken,  crystals  of  orthoclase  are  disi>ersed 
among  the  other  ingredients.  Here  and  there  a  fragment  of  diabase  may 
be  detected  ;  but  I  could  find  no  trace  of  pieces  of  the  peculiar  micro- 
crystalline  spherulitic  quartz-porphyries  of  St.  David's.  There  is  but  little 
that  could  be  called  matrix  cementing  the  lapilli  together.  The  presence 
of  fragments  of  diabase  may  possibly  reduce  the  proportion  of  silica  and 
increase  that  of  magnesia,  as  compared  with  what  would  otherwise  have 
been  present  in  the  rock. 

Some  of  the  tuffs  appear  to  have  been  a  kind  of  volcanic  mud.  A 
specimen  of  this  nature  collected  from  the  road-side  section,  north  of  the 
Board  School,  presents  a  finely-granular  paste  enclosing  abundant  angular 
and  subangular  lapilli  of  diabase,  a  smaller  proportion  of  felsite  (sometimes 
displaying  perfect  flow-structure),  broken  plagioclase  crystals,  and  a  greenish 
micaceous  mineral  which  has  lx>en  subsec^uently  develoi)ed  out  of  the  matrix 
between  the  lapilli. 

Though  they  lie  in  the  sedimentary  series  above  the  main  volcanic 
group,  I  may  refer  here  to  certain  thin  bands  of  tuff  at  Castell,  on  account 
of  their  interest  in  relation  to  the  true  Cambrian  age  of  the  volcanic  group. 
They  are  not  quite  so  fresh  as  the  tuff  that  occurs  in  thicker  masses,  but 
their  volcanic  origin  is  readily  observable.  One  band  appears  to  be  made 
up  of  the  debris  of  some  basic  rock,  like  the  diabase  of  the  district,  through 
which  detached  plagioclase  crystals  are  scattered.  The  lapilli  are  subangu- 
lar ;  and  around  their  border  a  granular  deposit  of  haematite  has  taken 
place,  giving  a  red  colour  to  the  rock.  Another  band  presents  small  angular 
lapilli,  almost  entirely  composed  of  a  substance  which  to  the  naked  eye,  or 
with  a  lens,  is  dull,  white  and  day-like,  e^isily  scratched,  and  slightly  unctuous 
to  the  touch.  Under  the  microscope,  with  a  low  power,  it  becomes  pale 
greyish-green  and  transparent,  and  is  seen  to  consist  in  large  part  of  altered 
felspar  crystals,  partially  kaolinized  and  partially  changed  into  white  mica 
and  calcite.  These  scattered  crystals  are  true  volcanic  lapilli,  and  have  not 
been  derived  from  the  mechanical  waste  of  any  pre-existing  volcanic  rock. 
In  the  tuffs  interstratified  with  the  conglomerate,  at  the  quarry  above 
Porth-clais,  though  much  decomposed,  crystals  of  plagioclase  can  likewise 
still  be  traced.  These  strata  are  also  true  tufis,  and  not  mere  detritus  due 
to  mechanical  degradation  (see  Fig.  41). 

The  general  result  of  the  study  of  the  microscopic  structure  of  the 
Cambrian  tuffs  of  St.  David's  may  be  briefly  summed  up  as  follows : — 
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1.  These  pyroclastic  deposits  are  almost  wholly  composed  of  fragments 
of  eruptive  rocks,  sometimes  rounded,  but  usually  angular  or  subangular. 
In  the  more  granular  varieties  very  little  matrix  is  present ;  it  consists  of 
fine  debris  of  the  same  materials.  No  detached  microlites  have  l^eeu  noted, 
such  as  are  common  among  modern  volctinic  ashes ;  but  there  are  abundant 
ejected  crystals.  In  these  respects  the  Camln-ian  tuffs  resemble  those  of 
the  other  Palaeozoic  systems.  A  mingling  of  grains  of  quartz-sand  may 
indicate  the  intermixture  of  ordinary  with  volcanic  sediment. 

2.  They  may  be  divided  into  two  groups  —  one  composed  mainly  of 
fragments  of  diabase  or  other  similar  basic  rocks,  the  other  of  felsite.  The 
former  group  has  doul)tless  been  derived  from  the  explosion  of  such  rocks 
as  the  diabase -sheets  of  the  district.  The  felsitic  tuffs  have  not  been 
observed  to  contain  any  fragments  of  the  microcrystalline  quartz-porphyries 
of  St.  David*8.  They  have  been  derived  from  true  fine-gmined  felsites  or 
rhyolites.  There  are  various  intermediate  varieties  of  tuff,  due  to  the 
mingling  in  various  proportions  of  the  two  kinds  of  del)ris. 

3.  They  are  marked  by  the  presence  of  some  characteristic  features 
of  the  volcanic  vents  of  later  Paheozoic  time,  and  in  particular  by  present- 
ing the  following  peculiarities  :  {(i)  lapilli  of  a  minutely -cellular  pumice  with 
sphericiil  cells;  (h)  lapilli  with  well -developed  flow  -  structure ;  (c)  lapilli 
consisting  of  a  pale  green  serpentinous  substance  resembling  altered 
palagonite  and  probably  originally  glass ;  (d)  lapilli  derived  from  the  de- 
8tl^lction  of  older  tuffs  ;  and  {e)  lapilli  consisting  of  ejected  crystals,  especially 
of  felsjKirs,  sometimes  entire,  often  broken. 

4.  They  frequently  show  that  they  have  undergone  metamorphism,  by 
the  development  of  a  pale  greenish  micaceous  mineral  between  the  lapilli, 
the  change  advancing  until  the  fine  tuffs  occasionally  pass  into  fine  silky 
schists. 

In  my  study  of  the  St.  David's  district,  I  was  unable  to  observe 
any  evidence  that  the  basic  and  siliceous  tuffs  characterize  two  distinct 
periods  of  volcanicity.  From  the  foregoing  analyses  it  appears  that  some 
of  the  oldest  visible  tuffs  which  are  seen  between  Pen-maen-melvn  and 
Pen-y-foel  contain  only  48*  11  per  cent  of  silica;  while  a  specimen  from 
Porth-lisky  yielded  72*G3  per  cent  of  that  ingredient.  Specimens  taken 
even  from  adjacent  beds  show  great  differences  in  the  percentage  of  silica, 
as  may  be  seen  in  the  analyses  Nos.  III.  and  V. 

This  alternation  of  basic  and  siliceous  fragmental  materials  has  its 
parallel  in  the  neighbouring  eruptive  rocks,  some  of  which  are  olivine- 
diabases  containing  only  45  per  cent  of  silic^i,  while  others  are  highly 
siliciious  quartz-porphyries.  But  all  the  siliceous  eruptive  rocks,  so  far  as  T 
have  been  able  to  discover,  are  intrusive,  and  Mong,  I  l.)elieve,  to  a  later 
period  than  that  of  the  volcanic  gi'oup;  in  no  single  instance  do  they 
appeitr  to  me  to  te  true  superficial  lava-flows.  (3n  the  other  hand,  the 
liasic  eruptive  rocks  occur  both  as  contem])oraneous  sheets  and  as  intrusive 
masse-s.  The  presence  of  both  siliceous  and  basic  lavas  in  the  Cambrian 
volcanic  reservoirs,  however,  is  proved  by  the  chanicter  of  the  tuffs.     It 
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would  appear  from  the  evidence  at  present  known,  that  while  the  basic 
lavas  were  most  abundant  in  the  vents  during  the  volcanic  period 
recorded  by  the  rocks  of  St.  David's,  furnishing  the  material  for  most  of 
the  f ragmen tal  eruptions,  and  issuing  in  occasional  superficial  streams  of 
molten  rock,  the  siliceous  lavas  did  not  flow  forth  at  the  surface,  though 
their  debris  was  copiously  discharged  in  the  form  of  dust  and  lapilli. 

The  rise  of  both  basic  and  acid  lavas  at  different  periods  in  the  same  or 
adjoining  vents,  so  familiar  in  recent  volcanic  phenomena,  thus  appears  to 
have  also  characterized  some  of  the  oldest  examples  of  volcanic  action.  An 
interesting  parallel  may  be  traced  between  the  succession  of  events  at  St. 
David's  and  that  which  occurred  in  the  volcanic  group  of  the  Lower  Old 
Eed  Sandstone  of  the  Pentland  Hills,  near  Edinburgh,  of  which  a  detailed 
account  will  be  given  in  Chapter  xx.  of  this  volume.  It  is  also  worthy 
of  remark  that  in  the  latest  of  the  volcanic  episodes  in  British  geology  a 
remarkable  similarity  to  the  St.  David's  volcanic  group  may  be  obseiTed. 
Some  of  the  older  Tertiary  agglomerates  are  full  of  pieces  of  acid  rocks 
(felsites,  rhyolites  or  granophyres),  while  the  lavas  poured  out  at  the  surface 
were  mainly  basalts. 

In  the  volcanic  group  of  St.  Da\dd's  the  tuffs  contain  e\^dence  that 
ordinary  sedimentation  was  not  entirely  interrupted  by  the  volcanic  dis- 
charges. Thus,  in  the  Allan  valley,  west  from  the  Cathedral,  one  of  the 
schistose  tuffs  is  full  of  w^ell-rounded  pebbles  of  w^hite  quartz.  Occasional 
shaly  bands  indicate  the  deposit  of  mud  with  the  tuffs. 

Excluding  the  granites  and  porphyries  (which  are  described  at  p.  155), 
two  kinds  of  eruptive  rocks  are  associated  with  the  volcanic  group.  One 
of  these  is  certainly  intrusive  and  of  late  date,  viz.  dykes  and  veins  of 
diabase,  to  1x3  afterwards  referred  to.  The  other  kind  occurs  in  long  parallel 
sheets,  some  of  which,  if  not  all,  are  true  contemporaneous  lava-streams, 
erupted  at  intervals  during  the  accumulation  of  the  volcanic  group.  They 
form  prominent  crags  to  the  west  of  St.  David's,  such  as  Clegyr  Foig,  Ehos- 
son,  and  the  rocky  ground  rising  from  the  eastern  shores  of  Eamsey  Sound. 
Their  dip  and  strike  coincide  with  those  of  the  tuffs  above  and  below  them. 
It  is  possible  that  some  of  these  sheets  may  be  intrusive  sills  intercalated 
along  the  bedding  of  the  tuffs ;  and  in  one  or  two  cases  I  have  observed 
indications  of  w^hat,  on  further  and  more  careful  exploration,  may  prove  to 
be  disruption  across  the  bedding. 

But  it  is  the  interbedded  sheets  that  possess  the  chief  interest  as 
superficial  lava-streams  of  such  venerable  antiquity.  They  present  many 
of  the  ordinary  features  of  true  lava-flows.  In  particular  a  slaggy  structure 
may  be  detected  at  the  bottom  of  a  sheet,  the  vesicles  being  here  and  there 
lengthened  in  the  direction  of  flow.  Some  of  the  sheets  are  in  part 
amygdaloidal.  The  alternation  of  these  sheets  with  tuffs,  evidently  derived 
from  lavas  of  similar  character,  is  another  argument  in  favour  of  their 
contemporaneous  date.  One  of  the  best  localities  for  studying  these  features 
lies  between  Clegyr  Foig  and  the  coast,  west  of  Khosson. 

The  eruptive  rocks  thicken  towards  the  south-west,  as  if  the  main  vents 
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had  lain  in  that  direction.  There  are  doubtless  intrusive  as  well  as 
contemporaneously  interbedded  masses  in  the  rough  ground  between  Pen- 
maen-melyn  and  Treginnis.  To  separate  these  out  would  be  a  most 
interesting  and  beautiful  piece  of  mapping  for  any  competent  geologist  in 
possession  of  a  good  map  on  a  sufficiently  large  scale. 

The  interbedded  lavas,  so  far  as  I  have  had  an  opportunity  of  studying 
them,  appear  to  present  remarkable  uniformity  of  petrographiad  characters. 
Megascopically  they  are  dull,  fine-grained  to  compact,  sparingly  porphyritic, 
ranging  in  colour  from  an  epidote-green  to  dull  blackisli -green  and  dark 
chocolate-brown.  Some  of  them  are  finely  porphyritic  from  the  presence 
of  small  glistening  surfaces  which  present  the  colour  and  metallic  lustre  of 
haematite  and  yield  its  characteristic  stre^ik.  Obviously  basic  rocks,  they 
present,  as  I  have  said,  a  close  external  resemblance  to  many  of  the  lavas  of 
the  Lower  Old  Eed  Sandstone  and  Carboniferous  districts  of  Scotland.* 
From  their  chemical  composition  and  microscopic  structure  they  may  be 
most  appropriately  ranged  among  the  diabases.  The  analyses  of  two  of 
the  most  conspicuous  diabases  of  this  class  in  the  district,  those  of  Ehosson 
(VII.)  and  Clegyr  Foig  (VIII.),  by  Mr.  J.  S.  Grant  Wilson,  are  shown  in 
the  following  table : — 


SiOa      Al-Oj  I  Fe-Ps     FeO    MnC)    CaO    MgO    Kp     Na./) 


VII.  45*92    1816 

VIII.  ,  45-38    16-62 


I 


H./)  and 
L<ms  on 
Ignition. 


Insoluble 
IlesiduH. 


1-18    9-27   0-19   7-19  10-07  178    2-12   :    4*22 


4-06    8-63 


0-14   8-19    9-41  0-71 1  2*20 


4-34 


Totiil      Specitic 
^^^^'    Gravity. 


0  04     100-14     2-96 

I 

0-08       99-76.     2-99 


The  two  rocks  here  analyzed,  likewise  that  from  the  crag  south  of  Castell 
and  that  from  the  cliffs  at  the  southern  end  of  the  promontoiy  between 
Eamsey  Sound  and  Pen-y-foel,  show  under  the  microscope  a  general  similarity 
of  composition  and  structure.  They  present  a  variable  quantity  of  a  base, 
which  under  a  \  objective  is  resolved  into  ill-defined  coalescent  globulites 
and  fibre -like  bodies,  that  remain  dark  when  rotated  between  crossed 
nicols.  In  some  varieties,  as  in  part  of  Ehosson  (.'rag,  the  base  is  nearly 
lost  in  the  crowd  of  crystalline  constituents ;  in  others,  as  in  the  crag  south 
of  Castell,  it  forms  a  large  part  of  the  whole  mass,  and  may  be  seen  in 
distinct  spaces  free  from  any  crystalline. particles.  Through  this  base  are 
dififused,  in  vast  numbers,  irregularly-shaped  grains  of  augite,  seldom  show- 
ing idiomorphic  forms.  These  grains,  or  granules,  may  perhaps  average 
about  O'OOS  inch  in  diameter.  Plagioclase  is  generally  hardly  to  be  recog- 
nized, though  here  and  there  a  crystal  with  characteristic  twinning  may  be 
detected  in  the  base.  Magnetite  occurs  abundantly — its  minute  octahedra, 
with  their  peculiar  colour  and  lustre,  being  apparent  with  reflected  light  on 
the  fresher  specimens,  though  apt  to  be  lost  as  diffused  ferruginous  l)lotches 
in  the  more  decomposed  varieties.     But  perhaps  the  most  remarkable  in- 
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gredieut  is  olivine.  lied  haematitic  crystals  ai-e  visible,  even  to  the  naked 
eye,  dispersed  through  the  grouiidmass  of  the  rocks.  With  a  leua  these 
may  l»e  observed  to  be  orthorhombic  in  form,  and  to  be  evidently  pseudo- 
morphs  after  some  mineral  which  lias  been  converted  chiefly  into  haematite. 
Such  red  pseudomorphs  are  common  in  Carboniferous  and  Old  Red  Sand- 
stone lavas,  where  in  some  eases  they  appear  to  lie  after  hornblende,  and  in 
others  after  augite,  but  occasionally  are  suggestive  of  olivine,  though  with 
no  ti-ace  of  the  original  substance  of  that  mineral.  In  the  lava  associated 
with  the  tuffs  at  the  south  end  of  the  promontory  Iwtween  Kamsey  Sound 
and  Peu-y-foel,  however,  certain  large,  well-developed  pseudomorphs  are 
undoubtedly  after  olivine.  They  have  the  characteristic  contour  of  that 
mineral  and  its  ^lecuHar  transverse  curved  and  irregular  fractures.  Tlie 
average  length  of  these  pseudomorphs  was  found,  fi-om  the  meosuremeut  of 
'six  examples,  to  be  0-023  inch,  the  largest  being  0'034,  and  the  smallest 
0'014.  Seen  by  transmitted  light  they  present  a  structureless  pale-greeu 
material  nearly  inert  in  polarized  light,  round  the  Iwrders  and  across 
iissures  in  which  an  oiwque  substance  has  been  developed,  as  serpentine 
and  magnetite  have  been  grouped  in  the  familiar  alteration  of  olivine.  The 
opaque  material  is  bright  brick-i-ed  in  reflected  light,  and  is  evidently 
now  chiefly  oxidized  into  haematite.  Every  stage  may  be  tniced,  from 
orthorhombic  forma  with  the  incipient  development  of  transverse  fissures 
filled  with  iron-oxide,  to  others  of  distorted  shapes  in  which  the  ferrugi- 
nous matter  occupies  the  whole,  or  nearly  the  whole,  of  the  mould  of  the 
original  crj-staL 

The  rocks  now  descriljed  differ  from  the  Palicozoic  andesites  or  "jwr- 
phyrites,"  with  which  I  am  acc^uainted,  in  their  more  basic  composition,  in  the 
less  abundance  of  their  microscopic  Iwse,  in  the  comi>aratively  inconspicuous 
development  of  their  felsjiiirs  of  later  consolidation,  in  the  absence  of  large 
porphyritic  felHi>ara  of  earlier  consolidation,  in  the  extraordinary  prominence 
of  the  granular  augite,  and  in  the  presence  of  olivine.  In  composition  and 
structure  they  "i"e  essentially  forms  of  olivine-dialase. 

Above  the  volcanic  group  of  St.  David's  lies   a   band   of  quartz-con- 
glomerate which  has  teen  taken  by  Dr.  Hicks 
to  mark  the  base  of  the  Cambrian  system.     This 
rock,   though   mainly   composed  of   quartz   and 
quartzite,  contains  fragments  of  the  underlying 
volcanic  rocks.     But  tiiat  it  does  not  mark  any 
decided  break  in  the   sedimentation,  much   less 
i''L'"K.^*V^fRf.      the  violent  unconformability  and  vast   intenal 
''fiJ '  *■  *^^'^^^   of  time  which  it  has  been  erroneously  supposed 
"    ~     '     to  do,  is  well  illustrated  by  the   occurrence  of 

„  ji     u  <-    '\    ■    .,   ■         liiinda  of  tuff,  as  well  as  diffused  volcanic  dust, 
(1.41. — Section  BhowiiiK  tliB  ml  tr-    .         ,  ,  ,      , 

Htmiifiration  of  ttiir  .imi  con-   lu  the  Conglomerate  and  also  in  the  green  and 

st'Dn'^ia'!.'''"'"'  '^""  *'""'  ^*^    shales   and   sandstones    which   conformably 

overlie  it.     An  example  of  this  intercalation  of 

volcanic  material  is  represented  in  Fig.  41.     On  the  Ipft  side  vertical  layers 


CHAP.  X  ST,  DAVID'S  155 


of  fine  reddish  tuff  (a)  are  succeeded  by  a  band  of  quartz  conglomerate 
{h)  of  the  usual  character.  Parallel  to  this  conglomerate  conies  a  band, 
about  six  inches  thick,  of  fine  tuff  (c),  followed  by  ashy  sandstone  (d),  which 
graduates  into  conglomerate  {e).  No  more  complete  evidence  could  be 
desired  of  the  perfect  inosculation  of  the  conglomerate  with  the  volcanic 
group.  On  the  coast  at  Nun's  Chapel  similar  evidence  presents  itself  The 
conglomerate  there  contains  some  thin  seams  of  tuff,  and  is  intercalated 
between  a  series  of  dull  green  agglomerates  and  tuffs  and  some  greenish 
shales  and  sandstones  with  layers  of  tuff. 

Not  less  striking  is  the  evidence  of  the  contemporaneous  eruption  of  fine 
volcanic  dust  in  the  overlying  shales  and  sandstones.^  Some  of  the  red 
shales  are  full  of  this  material,  which  here  and  there  is  gathered  into  the 
thin  seams  or  ribs  of  which  the  microscopic  characters  have  ah'eady  been 
described.  This  diffused  volcanic  detritus  marks,  no  doubt,  the  enfeebled 
discharges  of  fine  dust  towards  the  close  of  the  volcanic  episode  in  the 
Lower  Cambrian  period  at  St.  David's.  It  would  be  difficult  to  find  an 
instance  of  a  more  perfect  transition  from  a  series  of  thoroughly  volcanic 
masses  into  a  series  of  ordinary  mechanical  sediments. 

2.  Intrusive  Granite  and  Qunrtz-Porphyry. — The  lieart  of  the  volcanic 
group  is  pierced  by  a  mass  of  granite  which  also  cuts  the  conglomerate  and 
overlying  shales  and  sandstones  on  the  east  side.  The  age  of  this  intrusive 
boss  cannot  l)e  more  definitely  fixed  than  by  saying  that  it  must  be  later 
than  the  volcanic  group.  This  rock  has  been  the  subject  of  a  remarkable 
amount  of  description,  and  has  been  dignified  l)y  ])eing  actually  elevated  into 
a  distinct  Archaean  "  formation  "  composed  of  "  highly  crystalline  gneissic 
rocks,"  with  "  bands  of  limestone,  horn])lende,  chlorite,  and  micaceous 
schists."*^  Into  this  somewhat  dreary  chapter  of  English  geological  litera- 
ture it  is  fortimately  not  necessary  to  enter  here.  I  will  only  say  that  the 
rock  is  unquestionably  a  granite,  with  no  essential  ditlerences  from  many 
other  bosses  regarding  which  there  has  been  no  controversy.  It  is  a  holo- 
crystalline  rock  with  a  thoroughly  granitic  texture,  and  composed  of  the 
ordinary  minerals  of  granite — quartz,  orthoclase  and  plagioclase,  among 
which  a  green  chloritic  mineral,  more  or  less  plentiful,  probably  represents 
original  hornblende,  biotite  or  augite.  Sometimes  the  quartz  and  felspar  in 
the  lx)dy  of  the  rock  show  a  micropegmatitic  arrangement,  and  the  same 
structure  occurs  in  veins  that  traverse  it.  This  structure  gives  the  rock 
some  resemblance  to  the  Tertiary  granites  and  granophyres  of  Ireland  and 
Scotland. 

This  granite  has  imdergone  a  good  deal  of  deconq)Osition,  for  its  felspars 
are  turbid,  and  its  original  ferro  -  magnesian  constituents  are  always 
replaced  by  green  chloritic  aggregates,  while  epidote  is  also  present.  The 
rock  tends  to  become  finer  in  grain  towards  the  margin,  and  then  some- 

*  Tliesi?  are  a  i)ortion  of  Dr.  Hicks'  "  Caorfai  group"  in  tlie  Lower  Oimbrian  series.  Tlu-y 
have  yielded  Lower  Cambrian  fossils. 

'  See  the  papers  cited  on  p.  145  and  my  discussion  of  the  relations  of  this  granite  in  Quart. 
Joum,  Geol,  Soc.  vol.  xx.xix. ;  also  IVof.  Lloyd  Morgan,  op.  cit,  vol.  xlvi.  (1890). 
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times  assumes  a  more  decidedly  pegmatitic  structure,  like  graphic  gi-anite. 
At  the  northern  end  of  the  granite  ridge,  a  gradation  can  be  traced  from  the 
ordinary  texture  through  increasingly  fine-grained  varieties  until  we  pass 
into  a  microcrystalline  spherulitic  porphyry.  After  a  careful  examination 
of  the  ground  I  satisfied  myself  that  the  spherulitic  quartz-porphyries,  which 
form  a  conspicuous  feature  in  the  geology  of  St.  David*s,  are  really  offshoots 
from  this  granitic  core.^ 

These  spherulitic  rocks  have  been  fully  described.^  They  consist  of  a 
base  composed  of  a  microcrystalline  aggregate  of  quartz  and  orthoclase, 
which  is  distributed  between  the  spherulites.  These  have  been  developed  in 
remarkable  beauty  and  perfection.  While  the  microcrystalline  structure  is 
everywhere  recognizable,  the  spherulites  occasionally  disappear.  But  their 
absence  is  merely  local,  and  they  may  be  found  both  in  large  dykes  and 
narrow  veins.  A  further  porphyritic  structure  is  given  to  the  rocks  by  the 
presence  in  them  of  abundant  quartz,  which  takes  the  form  of  conspicuous 
rounded  blebs  or  worn  crystals  sometimes  distinctly  dihexihedral,  but  with 
somewhat  blunted  angles.  Porphyritic  plagioclase  is  also  common.  Flow- 
structure  is  occasionally  traceable.  Some  parts  of  these  rocks  where  tlie 
porphyritic  elements  are  locally  absent  might  be  cursorily  classed  as  felsites ; 
but  they  all  possess  a  microcrystalline  and  not  a  felsitic  base.  They 
cannot  be  confounded  with  the  true  felsites  of  which  fragments  ocour  in 
the  tuffs. 

In  addition  to  the  parallelism  that  may  be  traced  between  the  earliest 
Palaeozoic  agglomerates  and  those  of  the  youngest  volcanic  series  of 
Britain,  a  close  analogy  may  also  be  noticed  between  the  acid  intrusive  rocks 
of  the  two  widely-separated  periods.  In  both  cases  we  have  a  granitic 
core  sending  out  apopliyses  which  assume  a  spherulitic  structure  and  traverse 
earlier  volcanic  products  of  the  district. 

These  spherulitic  quartz-porphyries  of  St.  David's  occur  as  bosses,  dykes 
(elvans)  or  veins,  cutting  through  all  horizons  of  the  volcanic  group,  and  in 
one  case  apparently,  if  not  actually,  reaching  the  quartz  conglomerate.  One 
of  the  best  exposures  of  this  intrusive  character  may  be  seen  in  the  cliff' 
below  Nun's  Chapel,  where  the  elvan  runs  along  the  face  of  the  cliff  through 
the  uppermost  zone  of  the  volcanic  group,  cutting  the  strata  somewhat 
irregularly.  Apparently  in  connection  with  this  dyke,  a  network  of 
intrusions  of  decomposed  quartz-porphyry  may  be  observed  in  the  shales 
along  the  face  of  the  cliff  immediately  below  Xun*s  Chapel.  On  the 
whole,  the  intruded  material  has  forced  its  way  along  the  bedding-planes 
of  the  shales,  but  has  also  broken  across  them,  sending  out  finger -like 
branches. 

3.  Diahasc  Dykes  and  Sills. — The  latest  rocks  of  the  St.  David's  district 
are  dykes  and   intrusive  sheets  of  diabase,  which   traverse  all  the  other 

^  These  apopliyses  from  tlie  granite  constitute  the  "Arvonian"  formation  of  Dr.  Hicks' 
pre-Cambrian  series  of  St.  David's. 

*  See,  ft)r  example,  J.  Davies,  Quart.  Joum.  Geol.  Soc.  vol.  xxiv.  p.  164,  xxxv.  p.  203  ;  also 
the  paper  already  referred  to,  op.  cit.  xxxix.  p.  316  ;  and  Mr.  Teall's  British  Petrography^  p.  334. 
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formations.  The  dykes  are  specially  abundant  in  the  granite.  One  or  two 
may  be  detected  in  almost  every  artificial  opening  which  has  been  made  in 
that  rock ;  while  on  the  coast-section  they  are  here  and  there  profusely 
abundant.  They  are  likewise  frequent  in  the  quartz-porphyries,  and  occur 
also  in  the  volcanic  group  as  well  as  in  the  sandstones  and  shales  above  the 
conglomerate,  but  tecome  fewer  in  number  as  they  recede  from  the  granite 
centre.^ 

In  external  characters,  the  rock  composing  these  dykes  and  sheets  may 
])e  described  as  usually  a  dull  dirty -green  or  yellowish-brown  mass,  to 
which  the  old  name  of  "  w^acke  "  might  appropriately  be  given.  It  exhibits 
the  texture  and  mode  of  weathering  of  the  more  distinctly  crystalline 
members  of  the  basalt  family.  It  is  occasionally  amygdaloidal  or  cellular, 
the  kernels  or  cavities  being  arranged  parallel  with  the  sides  of  the 
dyke.  Here  and  there  a  rudely  prismatic  structure  extends  Ijetween  the 
walls. 

The  microscopic  structure  of  this  rock  has  been  described  by  Professor 
Judd,  Mr.  Davies  and  Mr.  Tawney.  It  is  a  diabase,  l)ut  more  allied  in 
structure  to  true  basidt  than  the  olivine-diabase  of  the  volcanic  group.  It 
especially  difters  from  the  older  rock  in  the  abundance  and  freshness  of  its 
felspars,  in  the  comparative  scarcity  of  its  augite,  and  in  tlie  absence  of 
olivine.  The  magnesian  silicates  are  very  generally  replaced  by  green 
decomposition-products  diffused  through  the  mass.  An  occasional  crystal 
of  hornblende,  recognizable  by  its  cleavages  and  dichroism,  may  be  detected. 
Some  of  the  diabase  dykes  present  excellent  examples  of  How -structure. 
A  beautifid  instance  occurs  in  a  dyke  that  cuts  the  sliales,  in  a  small 
cove  to  the  east  of  Nun's  Chapel.  The  shale  and  eruptive  rock  are  in 
contact;  and  the  small  acicidar  prisms  of  felspar,  besides  ranging  them- 
selves in  line  parallel  to  the  side  of  the  dyke,  stream  round  the  larger 
felspar  ciystals. 

Some  of  the  dykes  or  veins  are  only  tliree  inches  broad.  Thev  send 
out  fingers,  and  sometimes  break  abruptly  across  from  one  line  to  another. 
They  appear  generally  to  have  followed  the  lines  of  joint  in  the  granite,  as 
Mr.  Tawney  has  observed ;  *'  conse(|uently  they  must  be  posterior  to  the 
development  of  the  system  of  jointing  in  that  rock. 

Besides  the  abmidant  dykes,  there  has  been  a  more  limited  extrusion  of 
the  same  material  in  sheets  parallel  (or  approximately  so)  to  the  l)edding  of 
the  sandstones  and  shales.  These  sheets  are  well  displayed  at  St.  John's 
Point,  where  evidence  of  their  being  intrusive,  and  not  truly  bedded,  may 
l)e  seen  along  the  fine  cliffs  which  have  been  cut  by  the  waves  on  this  i)art 
of  the  coast-line. 

The  sedimentary  series  which  overlies  the  volcanic  group  of  St.  David's, 
and  contains  the  fossils  of  the  lower  part  of  the  Cambrian  system,  gradually 
loses  all  trace  of  volcanic  material,  as  its  members  are  followed  upward  in 

*  The  occurrence  of  these  dykes  is  ]»aralleled  by  that  of  the  similar  iutrusions  in  the  qiiartz- 
felsite  of  Llyn  Padarn  to  be  afterwards  described. 

"  Proc,  Nat.  Hist.  Hoc.  Bristol,  vol.  ii.  iiart  ii.  (1879),  p.  ll.'>. 
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stratigraphical  order.^  We  thus  learn  that  tlie  eruptions  of  this  district 
came  to  an  end  in  an  early  part  of  the  Cambrian  period.  But  as  we  shall 
see  in  the  following  i)ages,  volcanic  activity  was  subsequently  renewed  at  no 
great  distance  in  the  next  or  Silurian  period. 

*  Dr.  Hicks  has  noted  the  oi'curronce  of  "  volcanic  tulF"  in  the  Lower  Lingula  Flags  of  Portli- 
y-Rha\v,  a  little  to  the  ejist  of  St.  David's  {Quart.  Journ.  Gcol.  Soe,  vol.  x-\.  1864,  p.  240).  This 
intercalation  is  marked  as  a  "dyke"  in  the  MS.  notes  of  Sir  A.  C.  Ramsay  on  a  copy  of  the 
Geological  Survey  map  of  the  district. 


CHAPTER  XI 

THE    CAMBKIAN    VOLCANOES    OF    XOKTH    WALES,    THE    MALVERN    HILLS 

AND    WARWICKSHIRE 

NORTH    WALES 

The  Cambrian  volcanic  rocks  in  the  northern  part  of  the  Welsh  Principality 
liave  their  main  development  in  Caernarvonshire.  Southwards  from  that  tract, 
though  the  Ijower  Cambrian  strata  form  a  vast  pile  of  sedimentary  material 
in  the  Harlech  anticline,  which  is  estimated  by  the  Geological  Survey  to  be 
from  6000  to  7000  feet  thick,  they  have  yielded  no  trace  of  any  contem- 
poraneous volcanic  rocks.^  The  purple  slates  that  rise  along  tlie  centre  of 
the  anticline  dip  below  the  grits  and  conglomerates  on  either  side  without 
disclosing  a  glimpse  of  the  base  of  the  system.  This  enormous  accumula- 
tion of  sedimentary  deposits  seems  to  diminish  in  thickness  as  it  is  traced 
northwards,  for  towards  the  Menai  Strait  it  does  not  reach  more  than  a 
fourth  part  of  the  depth  wliich  it  is  said  to  display  in  the  Harlech  anticline." 
In  the  Pass  of  Llanteris  the  series  of  grits  that  overlies  tlie  pui-ple  slates  is 
estimated  to  be  about  1300  feet  thick.**  This  gradual  thinning  away  of 
the  Cambrian  series  towards  the  north  was,  in  the  opinion  of  Sir  Andrew 
Ramsay,  accompanied  by  an  increasing  inetamori)hism  of  the  lower  portions 
of  the  system.  In  his  view,  the  long  ridge  of  quartz-poi'j)hyry  which 
crosses  the  lower  end  of  Llyn  Padam  represents  the  result  of  the  extreme 
alteration  of  the  stratified  rocks.  He  believed  that  he  coidd  trace  an 
insensible  passage  from  the  slates,  grits  and  conglomerates  into  the 
porphyr}',  and  he  Wius  led  to  the  "  conviction  that  the  solid  porphyry  itself 
is  nothing  but  the  result  of  the  alteration  of  the  stratified  masses  carried  a 
Ktage  further  than  the  stage  of  porcellanite,  into  the  condition  of  that 
kind  of  absolute  fusion  that  in  many  other  regions  seems  to  have  resulted 

*  Me  til.  Gcol,  Surv.  vol.  iii.  2nd  edit.  "Geology  of  North  Wales,"  p.  21.  It  is  possible  that 
this  thickness  has  been  somewhat  overestimated.  Dr.  Hicks  (6Vo/.  Ma<j.  1880,  p.  510)  lias  re- 
ferred to  certain  "highly  felsitic  rcK^ks,  for  the  most  jMirt  a  metamoriiliic  series  of  scliists, 
alternating  with  harder  felsitic  bands,  probably  originally  felsitic  ashes,"  lying  at  the  bottom 
of  the  whole  pile,  and  ho  has  claimeil  them  as  j)re- Cambrian.  But  1  have  not  found  any 
evidence  of  such  rocks,  nor  any  trace  of  igneous  niaterials  save  dykes  and  sills,  acid  and  basic, 
sach  as  are  indicated  on  the  Survey  map.  '  Ibid,  j).  24.  ^  IbUl.  p.  173. 
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in  the  formation  of  granites,  syenites  and  other  rocks,  commonly  called 
intrusive."  ^  Certain  structural  lines  in  the  quartz-porphyry  he  looked 
upon  as  indicating  "  traces  of  stratification  in  a  rock,  the  original  felspathic 
and  quartzose  material  of  which  has  been  metamorphosed  into  true 
porphyry."  "^  In  conformity  with  these  ideas,  the  remarkable  felspathic 
strata  which  lie  nearest  the  porphyry  were  regarded  as  metamorphosed 
Cambrian  rocks,  and  where  similar  rocks  reappear  over  a  large  area  near 
Bangor  they  were  coloured  on  the  map  with  the  same  tint  and  lettering  as 
were  used  for  the  so-called  "  altered  Cambrian  "  of  Anglesey. 

No  one  who  has  examined  this  Caernarvonshire  groimd  can  have  failed 
to  find  the  sections  whicli  doubtless  led  my  predecessor  to  form  the  con- 
victions to  which  he  gave  expression  in  the  passages  I  have  just  quoted. 
It  is  easy  to  see  how  these  sections,  wherein  it  is  certainly  difficult  to  draw 
a  sharp  line  between  the  igneous  rock  and  the  clastic  materials  derived 
from  it,  would  be  welcomed  as  appearing  to  offer  confirmation  of  the  ideas 
concerning  metamorphism  which  were  then  in  vogue.  There  cannot,  how- 
ever, be  any  doubt  that  my  friend  was  mistaken  in  his  interpretation  of  tlie 
structure  of  that  part  of  the  country.  It  is  to  me  a  subject  of  keen  regret 
that  in  his  later  years,  when  the  subject  was  revived,  he  was  no  longer  able 
to  re-examine  this  ground  himself,  for  no  one  would  have  confessed  more 
frankly  his  error,  and  done  more  ample  justice  to  those  who,  coming  after 
him,  have  been  able  in  some  parts  to  correct  his  work. 

The  quartz-porphpy,  felsite  or  rhyolite  of  Llyn  Padarn,  as  well  as  that 
of  Llandeiniolen,  is  not  a  metamorphic  but  an  eruptive  rock,  as  has  been 
demonstrated  by  Professor's  Hughes  and  Bonney.  There  is  no  true  passage 
of  the  sedimentary  rocks  into  it ;  on  the  contrary,  the  conglomerates  which 
abut  against  it  are  in  great  part  made  out  of  its  fragments,  so  that  it  was 
already  in  existence  before  these  Caml^rian  strata  were  deposited  upon  it. 
These  conclusions  must  be  regarded  as  wholly  indisputable.  But  most  of 
the  critics  of  the  work  of  the  Geological  Survey  have  proceeded  to  certain 
further  deductions.  They  have  maintained  that  the  presence  of  fragments 
of  the  porphyry  in  the  overlying  conglomerate  marks  an  unconformability 
between  the  two  rocks,  that  the  conglomerate  shows  the  base  of  the  Cam- 
brian system,  and  that  the  porphyry  is  therefore  pre-Cambrian. 

These  assertions  and  inferences  do  not  seem  to  me  to  be  warranted. 
They  have,  in  my  judgment,  been  disproved  by  Mr.  Blake,^  who  shows  that 
there  is  no  break  in  the  Cambrian  series,  that  the  various  porphyries  and 
their  accompaniments  are  parts  of  that  series,  and  that  there  is  no  certain 
proof  of  the  existence  of  any  pre-Cambrian  rocks  in  the  whole  district."* 

That  the  igneous  rocks  of  the  Llyn  Padarn  area  mark  a  volcanic  period 
has  been  recognized  by  most  writer  since  Professor  Bonney  pointed  out  the 
flow-structure  of  the  quartz-porphyry,  and  other  proofs  of  active  volcanic 

*  Mem.  Geol.  Surv.  vol.  iii.  2nd  edit.  p.  173.  *  Ibid,  p.  174. 

*  In  an  excellent  memoir  read  before  the  Geological  Society  in  1888,  with  the  main  con- 
clusions of  which  I  agree. 

*  Quart.  Jouni.  Geol.  Soc.  vol.  xliv.  p.  271.    For  subsequent  papers  by  Mr.  Blake,  see  op,  cit, 
vols,  xlviii.  (1892)  p.  243,  xlix.  (1893)  p.  441. 
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eruptions  have  been  traced  by  him,  as  well  as  by  Professor  Hughes  and  Mr. 
Blake,  in  the  stratified  rocks  which  stretch  north-eastwards  to  Bangor. 
The  extent  and  persistence  of  these  ancient  volcanic  phenomena,  and  their 
probable  connection  with  the  remarkable  northward  attenuation  of  the  Cam- 
brian sedimentary  rocks,  deserve  special  attention. 

It  is  generally  agreed  that  the  rocks  variously  termed  (luartz-porphyries, 
felsites  or  rhyolites  fonn  the  oldest  members  of  this  volcanic  series.^ 
They  come  to  the  surface  in  two  long  ridges,  one  running  from  Caernarvon  to 
near  Bangor,  the  other  from  Llanllyfni  to  Ann's  Chapel,  at  the  mouth  of  Nant 
Francon  (Map.  II.).  Whether  the  materials  of  these  two  ridges  are  parts  of 
one  originally  continuous  sheet  or  group  of  sheets,  or,  if  different  protrusions, 
whether  they  belong  to  the  same  geologiciil  horizon,  or  whether,  as  Mr. 
Blake  believes,  they  are  distinct  masses,  separated  by  a  consideralJe  thick- 
ness of  detrital  material,  cannot  in  the  present  state  of  our  knowledge  be 
positively  decided  It  seems  to  me  probable  that  they  are  connected 
underground,  as  a  continuous  platform  beneath  the  overlying  pyrochistic 
materials. 

These  acid  rocks  have  been  regarded  by  some  observers  as  intrusive 
sheets,  by  others  as  lava-streams  tliat  were  poured  out  at  tlie  surface.  If 
account  be  taken  simply  of  their  petrograpliical  characters,  they  find  their 
nearest  analogies  among  the  intrusive  quartz-porphyries  of  older  geological 
periods.  The  presence  of  flow -structure  in  them  has  l)een  thought  to 
indicate  that  they  were  superficial  streams.  But  this  structure  may  be 
found  in  dykes  and  intrusive  sheets  as  perfectly  as  in  lava-flows,  so  that  it 
cannot  by  itself  be  taken  as  proof  of  a  surface-discharge  of  hiva.  It  must 
be  confessed  that,  both  in  the  main  mass  of  quartz-porphyry  and  in  the 
abundant  fragments  of  it  in  the  overlying  conglomerates  and  l)reccias,  there 
is  an  absence  of  such  scoriform  portions  as  one  would  naturally  look  for  in 
a  superficial  lava-stream ; "  while,  on  the  other  hand,  the  rock  generally 
presents  the  tolerably  uniform  flinty  textiu:e  so  familiar  in  intrusive  sheets 
of  similar  material.^  My  own  impression  is  tliat  these  igneous  masses  were 
probably  erupted  to  the  surface  as  long  banks  which  rose  above  the  waves ; 
that  they  were  thus  exposed  to  prolonged  subaerial  and  marine  denudation  ; 
that  by  this  means  any  up])er  more  cellular  portions  of  the  lava  which  may 
have  existed  were  broken  up  and  pounded  down  into  detritus,  and  thus  that 
what  is  now  visible  is  a  part  of  the  eruptive  rock  which  originally  lay 
at  some  depth  within  its  body.  This  view  is  confirmed  by  a  study  of  other 
lavas  which  ai*e  found  on  different  platforms  in  the  detrital  deposits  that 
overlie  the  Llyn  I^adarn  quartz-porphyry. 

'  Whether  the  granitic  rock  of  Twt  Hill,  Caernarvon,  is  connfct»Ml  with  the  porpliyry  or 
belongs  to  an  older  eruption  is  immaterial  for  my  present  piiri)Ose. 

'  But  the  Llyn  Padarn  rock,  like  many  acid  lavas,  may  never  liave  possessed  a  vesicular 
Ktructure  in  any  jwrtion  of  its  mass.  The  sheets  of  felsite  whicli  occur  among  the  overlying  tuffs 
are  not  cellular,  but  present  the  closest  resemblance  to  the  main  mass  helow. 

'  Mr.  Blake  brought  forward  the  evidence  of  a  section  on  the  nortli  or  under  side  of  the 

Llyn  Padarn  ridge  to  show  that  the  rock  lias  there  been  intruded  intcj  the  Cambrian  strata 

{(^aart,  Journ,  Geol.  Soc,  vol.  xliv.  (1888),  p.  283).     But  the  rock  sui>i)0sed  by  him  to  be  altered 

sUtc  has  been  shown  to  be  intrusive  "  greenstone  "  (Miss  Raisin,  op.  cif.  vol.  xlvii.  (1891),  p.  336). 

VOL.  I  M 
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Tliat  the  material  of  eacli  of  tlie  two  maiu  ridgee  is  the  result  of  more 
than  one  eruption  has  been  inferred  from  the  supposed  intercalation  of 
bands  of  slate  and  of  breccia  in  the  rock.'  Considerable  lithologieal 
differences  may  be  detected  in  each  mass,  but  they  are  not  greater  than  miiy 
be  observed  in  single  sills  and  bosses.  In  some  parts  of  the  Llyn  Fadarn 
porphyrj'  a  distinct  nodular  structure  appears  which  shades  off  into  bands 
and  lenticular  streaks,  reminding  one  of  the  characters  of  some  of  the  Bala 
rhyolites.  Other  portions  are  markedly  brecciated,  the  separated  fragments 
being  surrounded  in  a  matrix  of  the  rock,  which  shows  flow-structure 
sweeping  past  them.  On  Moel  Gronw  angular  fr^ments  of  a  dark  pinkish 
tint  are  scattered  through  the  general  mass.  Again,  some  parts  are 
crowded  with  quartz-grains,  while  others  are  comparatively  free  of  these, 
and  occasionally  a  spherulitic  structure  has  been  observed.* 

The  microscopic  structure  of  this  ancient  eruptive  rock  lias  been  studied 
by  Professor  Bonney,  who  found  that  the  general  type  was  a  compact  dull 
grey  felsite,  with  porphyritic  crystals  of  felspar  and  grains  of  quartz,  closely 
resembling  some  modern  riiyolites.  Though  unable  to  detect  any  actual  glass 
in  the  base,  he  had  no  doubt  that  the  rock  was  originally  vitreous,  and  he 
found  abundant  and  fresh  examples  of  the  most  perfect  flow-structure.' 

Reference  may  be  made  here  to  the  remarkable  influence  of  the  intense 
cleavage  of  the  district  upon  this  rock.*  Along  its  southern  margin,  where 
it  has  been  exposed  to  pressure  from  tlie  south-east,  the  quartz-porphyry 
has  been  so  crushed  that  it  passes  here 
and  there  into  a  flne  unctuous  slate  or 
almost  a  schist.  Nowhere  can  this  change 
be  more  clearly  seen  than  on  the  slopes 
of  Mynydd  y  Cilgwyn,  The  cleavage 
planes  strike  about  N.  40°  E.,  with  an 
inclination  to  dip  towards  the  N.W. 
Within  a  space  of  a  few  yards  a  series 
]_..- r>-y/>i.  ■'  .       /^'   ;_      of  specimens  may  be  collected  showing  at 

,.-'y\J'(,.;' .  ■,     .,*'  ■■ ,"   \'t,       one   end   an   ordinary   or   only   slightly- 

sheared  quartz -porphyry  with  abundant 
quartz-blebs,   and    at    the   other   a    fine 
greenish  sericitic  slate  or  phyllite,  where- 
FiB.  42. —Basic   liyke  travsrsiiig  quartz-  Ju   the  quartz  has  been  almost  entirely 

nor]>hrrj'  and  touvert*il  iuto  a  kind  of  i     j    i  i  ■  r    i,         ■  i, 

aiaie  i>y  clenvage.    Wshi  si.ti;  of  Lljii  crusherf  down.     Lines  of  shearing  may  be 
i'^'|"'°-  detected  across  the  breadth  of  the  por- 

Pi..qiutti.porpiij-r)';j/,ui}iidaii.idoim6ct«i     phyry  ridge,  cach  of  them  coinciding  with 
the  prevalent  trend  of  the  cleavage.    Some- 
times also  certain  basic  dykes,  which  traverse  the  porphyry  in  some  numbers, 

'  Si'efort.tiini].Ip,  Prof.  Botiuey,  Qaarl.Juuni.Heol.  Sm.  vol.  xxxv,  (1879),  l),  312  ;  Mr.  Blakt, 
op.  tit.  vol.  xliv.  (1S33),  i>ii.  277,  287.  But  oome  at  least  of  the  supposed  "  sl&tes,"  as  stated 
In  a  previous  foutuote,  liavr  bevii  niuce  shown  to  be  dykes. 

■  Mr.  Blake,  Mil.  p.  277.  '  0}i.  dt.  vol.  i«v.  l>.  312. 

'  The  secoiidar}-  planer  due  to  cleavagi-  must  not  be  couroanded  with  the  origiiul  flow- 
structure. 
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have  undei^one  considerable  deformation  from  the  same  cause.  Theli-  thinner 
portions  are  bo  well  cleaved  that  they  have  been  mistaken  for  included  bands 
of  green  slate  (Fig.  42).  But  these  cleaved  branches  may  sometimes  be 
traced  into  a  thicker  and  more  solid  dyke,  whose  uncrushed  cores  still 
preserve  the  original  character  of  the  rock  and  prove  it  to  be  eruptive. 

The  rocks  which  succeed  the  porphyry  in  the  Valley  of  lianberis  are  of 
great  interest,  for  they  contain  abundant  proof  of  eontemporaneoua  volcanic 
activity,  and  they  show  that,  so  far  from  there  being  any  marked  hiatus 
here,  there  is  evidence  of  the  persistence  of  eruptions  even  into  tlie  time  of 


the  Lianberis  Slates,'  Conaiderable  misapprehension  has  ariften  from  the 
att«mpt  to  make  one  of  the  conglomerates  the  base  of  the  Cambrian  aeries, 
and  the  real  significance  of  the  volcanic  detrital  strata  in  association  witli 
it  was  consequently  missed.  The  conglomerate  does  not  lie  on  one  definite 
horizon.  In  truth,  thei*  are  several  zones  of  conglomerate,  each  with  some 
difference  of  composition,  thickness  or  extent."  These  may  l)e  well  studied 
both  on  the  south  and  the  north  side  of  the  poqjhyry  ridge  at  the  lower 

>  The  sections  in  the  Vale  of  Lluuberia  uii  citlier  aide  of  Llyii  I'adarn  lijttt.  Lofii  again  anil 
■gain  ileiwnbed  and  fonglit  over.  Honiu  of  the  papers  are  cited  in  tlie  folloiMug  iMLgex,  but  it 
would  be  impos»<ible  in  this  volume  to  find  room  tor  a  full  di»ciiHsioii  of  the  difleniKPS  of  opinion. 
Wliat  is  stated  in  the  test  is  the  result  of  my  own  stinly  of  the  rocki  on  the  ground,  coujiled 
with  a  careful  consideration  of  the  work  of  other  observem. 

'  1  can  Hnd  no  evidence  uf  UDConfurtnabllity  beneath  any  of  the  eotiglonierates  The  section 
described  by  Profeaaor  Green,  (fitari.  Juani.  Heol.  Soc.  vol.  xli.  (1885),  ]•  74,  merely  shows  the 
diSerence  between  the  elfects  of  cleavage  on  the  fine  tuirs  and  the  more  massive  resitting  con- 
glouetate  which  overlies  them.  This  section  is  represented  in  i'ig.  43  At  hrst  sight  the 
tonglomerste  appears  to  be  lying  on  the  vertical  edges  of  an  older  group  of  slater,  but  any  one 
aci]UBinted  with  cleavage  can  trace  this  structure  from  the  tulfr<  into  the  conglomerate  and 
reiuioing  ita  course  again  in  the  liner  sediments  above.  The  whole  series  of  di)»sits  in  the 
section  is  continuous  and  conformable.  The  sectiou  on  the  slate  railuaj  liai  diienedMr. 
Blake  as  well  as  Professor  Green  {QuaH.  Jouru.  Gf...l.  Hof.  vol.  .xlix.  (ISttS),  p  44&)  The  correct 
interpretation  is  given  by  Professor  Bonney  and  Miss  Kaisin  {••]'.  eil.  vol.  I.  p.  S62). 
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end  of  Llyn  Padaru.  They  are  intercalated  among  fine  tufis,  grits, 
volcanic  breccias  and  purple  slates,  sometimes  full  of  fine  ashy  material. 
On  the  south-east  side  of  the  ridge,  where  the  rocks  have  suffered  intense 
cleavage,  they  assume  a  fissile  unctuous  character,  and  then  resemble  parts 
of  the  cleaved  Cambrian  tuffs  at  St.  David's.  But  on  the  north-west  side, 
where  they  have  in  lai^e  measure  escaped  the  effects  of  the  cleavage-move- 
ments, their  original  structures  are  well  preserved.  ' 

One  of  the  first  features  of  these  detrital  deposits  to  arrest  attention  is 
the  amount  and  variety  of  the  fragments  of  igneous  rocks  in  them,  Some 
of  the  conglomerates,  though  enclosing  pebbles  of  quartz,  quartzite,  granite 
and  other  rocks  not  found  in  situ  in  the  immediate  district,  are  mainly  com- 
posed of  the  debris  of  the  quartz-porphyry  of  the  ridge.  Indeed,  this 
latter  material  appears  to  have  contributed  a  large  proportion  of  the 
detritus  of  which  the  general  body  of  strata  here  is  made  up.  But  there 
are  to  be  noticed  among  the  contents  of  the  conglomerates  and  breccias 
pieces  of  many  volcanic  rocks  not  to  be  found  on  the  porphyry  ridge. 
Among  these,  besides  felsites  showing  sometimes  beautiful  flow-structure 
(rhyolites)  and  various  quartz -porphyries,  there  occur  abundant  fragments 
of  less  acid  lavas  (andesitea)  and  pieces  of  older  tuffs.  Some  of  the  frag- 
mental  rocks  are  green  in  colour,  probably  from  the  abundance  of  fine 
basic  volcanic  dust  in  them.  Certain  bands  are  full  of  lai^e  angular  pieces 
of  shale,  similar  in  character  to  the  Cambrian  slates,  and  doubtless  due  to 
the  disruption  of  pre-existing  Cambrian  strata  by  volcanic  explosions.  It 
is  clear  that  from  vents  in  this  neighbourhood  there  continued  to  1)e  an 
abundant  discharge  of  dust  and  various  andesitic  and  other  lapilli,  which, 
falling  ou  the  sea-floor,  mingled  there  with  the  ordinary  mechanical  sedi- 
ment that  was  leing  deposited  at  the  time ' 

But  we  ha%e  evidence  that  dunng  the  period  when  these  showers  of 
volcanic  detritus  were   thrown  out   streams  of  la\a   though  on  a  gi'eatly 


diminished  scale,  continued  to  be  poured  forth.  The  hill  of  Clegyr  (rig. 
44),  near  the  lower  end  of  Llyu  Padarn,  on  the  north-east  side,  consists 
mainly  of  cleaved  tuffs  (i)  and  slates  with  conglomerates  (c),  overlying  the 
quartz-poi-phyry  (;0-  Near  the  summit  a  Iwnd  of  felsite  is  intercalated  in 
these  rocks. 

'  On  the  comiiositiou  of  the  conglomerates  or  breccUa,  sea  Profeasor  Bonne;  and  Miss  Raisin, 
Qvart.  Jour.  Gtot.  Soc.  vol.  1.  (1894),  j..  598. 
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Still  more  striking  are  the  sections  on  the  soutli-west  side  of  the  lake.^ 
Starting  from  the  porphyry  of  the  ridge,  we  cross  a  zone  of  conglomerate 
and  grit  largely  composed  of  the  debris  of  the  porphyry,  until  we  reach  a 
band  of  felsite  or  qukrtz-porphyry,  which  at  its  eastern  end  is  about  ten 
feet  thick,  while  it  seems  to  increase  in  dimensions  westwards.^  In  the 
centre  the  rock  is  dark  purplish -red,  exceedingly  compact  or  flinty, 
sprinkled  with  a  variable  proportion  of  quartz-blebs  and  felspar  crystals. 
Towards  its  southern  or  upper  edge  (for  the  rocks,  though  nearly  vertical, 
dip  southwards)  it  has  been  cleaved  into  a  variety  of  purple  slate,  and 
would  there  at  once  l)e  classed  among  the  ordinary  slates  of  the  neigh- 
bourhood. But  the  fissile  character  is  merely  a  marginal  structure  which 
the  rock  shares  with  the  highly-cleaved  tuft's  that  follow  it.  Traced  west- 
wards, this  bed  is  found  to  enclose  a  core  of  quartziferous  porphyry,  which, 
though  it  has  escaped  from  the  most  complete  results  of  crusliing,  is  never- 
theless cleaved  along  its  margin  as  well  as  partially  in  its  interior.  It 
would  not  be  possible  to  distinguisli  parts  of  this  intercalated  less  crushed 
core  from  portions  of  the  porphyry  of  the  main  ridge.  The  difference  of 
colour  does  not  count  for  much,  for  even  in  this  core  the  purple  tint  gives 
place  to  greenish  grey,  and  what  in  the  centre  at  the  east  end  is  a  solid 
dark  purplish -red  felsite  passes  westward  into  a  greenish  slate,  like  that 
already  noticed  on  Mynydd  y  Cilgwyn. 

The  microscopical  examination  of  this  rock  shows  it  to  be  a  true  felsite 
of  the  rhyolitic  type,  which  in  the  central  uncleaved  part  exhibits  a  wavy 
flow-structure  like  that  foimd  in  the  quartz-porphyry  of  the  ridge.  So 
intense  has  been  the  cleavage  in  its  upper  part  that  the  original  structure 
of  the  rock  is  there  effaced.  Tlie  immediately  overlying  tufts,  which  are 
likewise  so  thoroucrhlv  cleaved  that  it  is  not  easv  to  draw  a  sharp  and 
continuous  line  between  tliem  and  the  intercalated  lava,  precisely  resemble 
those  found  below  the  conglomerate  on  the  opposite  side  of  the  lake. 
They  include  bands  of  coarse  volcanic  breccia  as  well  as  tine  compact 
material,  showing  the  varying  intensity  of  the  volcanic  discharges.  Their 
included  stones  consist  of  various  felsites,  andesites  and  slates.^ 

The  thin  sheet  of  interstratified  quartz-porpliyry  here  described  is  not 
the  only  one  to  be  found  in  the  section.  Others  thinner  and  more  intensely 
cleaved  lie  among  the  tuffs  higher  up.  They  have  been  sheared  into  mere 
jmle  unctous  slates,  but  the  remains  of  their  quartz-blebs  may  still  be 
detected  in  them. 

The  tuffs,  with  their  intei^tratified  bands  of  porphyry,  l)ecome  more 

*  For  various  readings  of  these  sections,  compare  Mr.  Blake  ((i'jm/V.  Jour.  (koJ.  Soc.  vol.  xlix. 
(1893),  p.  450)  with  Professor  Bonney  and  Miss  Raisin  (o;>.  cit.  vol.  1.  (1894),  \k  581). 

*  See  Professor  Bonney  and  Miss  Raisin,  op.  cit.  \).  593  el  scq. 

'  I  see  no  reason  to  doubt  that  the  less  acid  igneous  fragments  were  ejected  during  the 
closing  ))hase8  of  volcanic  action,  even  tliougli  no  such  rocks  have  been  found  at  tlie  surface  in 
Htv.  We  must  remember  how  frequently  mixtures  of  acid  and  basic  materials  are  to  be  found 
in  the  same  continuous  series  of  volcanic  ejections  and  even  in  the  same  vent,  of  which  illustra- 
tion will  he  given  in  subsequent  pages.  Xor  should  we  forget  what  a  mere  fragment  of  a 
volcanic  group  is  exposed  at  the  surface  iu  the  Llanberis  district.  See  Professor  Bonney  and 
Miss  Rai.sin,  op*  cit.  p.  596,  footnote. 
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and  more  mingled  with  ordinary  argillaceous  and  sandy  sediment  as  they 
are  followed  in  upward  succession.  Among  them  occur  bands  of  grit  and 
fine  conglomerate  containing  pebbles  of  porphyry  and  pieces  of  slate.  Some 
of  these  grits  are  mainly  composed  of  white  felspar,  felsite  and  clear  grains 
of  quartz,  evidently  derived  from  the  disintegration  of  a  rock  like  the 
porphyry  of  the  main  ridge.  As  the  ordinary  sediment  of  the  Llanberis 
group  sets  in,  the  tuffs  are  restricted  to  thinner  and  more  widely-separated 
bands.  Some  tliin  layers  of  felspathic  breccia,  seen  among  the  slates  close 
to  tlie  Glyn  Peris  Hotel,  probably  mark  the  last  discharges  of  the  slowly- 
expiring  vents  of  this  region.  Here,  as  at  St.  David's,  from  the  most 
ancient  of  our  volcanic  records,  striking  evidence  is  furnished  of  the  gradual 
extinction  of  volcanic  action.  Through  many  hundreds  of  feet  of  strata 
which  now  supervene,  representing  the  closing  ages  of  the  Cambrian  and 
the  earlier  ages  of  the  Silurian  period,  no  trace  of  volcanic  material  has 
been  found  in  this  district  until  we  reach  the  Bala  lavas  and  agglomer- 
ates of  Snowdon  and  the  Pass  of  Llanberis. 

In  the  neighbourhood  of  Bangor  another  area  of  similar  rocks  w^raps 
round  the  northern  end  of  the  western  porphyry  ridge.  The  Geological 
Survey  map,  in  conformity  with  the  ideas  that  governed  its  repre- 
sentation of  the  older  rocks  of  Anglesey  and  Caernarvon,  colours 
these  as  altered  Cambrian.  That  this  error  should  have  been  made, 
or,  when  made,  should  not  have  been  si)eedily  corrected,  is  all  the  more 
surprising  when  we  consider  the  thorough  mastery  which  the  sui'veyors  had 
acquired  of  the  aspects  and  the  interpretation  of  ancient  volcanic  rocks  in 
Wales,  and  when,  moreover,  we  remember  that  as  far  back  as  1843,  long 
before  the  Survey  ()f  Caernarvonshire  was  published,  Sedgwick  had  pointed 
out  the  true  volcanic  nature  of  the  rocks.  That  great  pioneer  recognized 
the  presence  of  "  trappean  conglomerates "  and  "  trappean  shales  (Schaal- 
stein)  "  among  these  deposits  at  Bangor ;  but  he  could  not  separate  them 
from  the  Cambrian  series  of  the  rest  of  Wales.^  And  in  his  section  he 
represents  them  as  undulating  towards  the  east  and  passing  under  the 
great  mass  of  the  Caernarvonshire  slates  and  porphyries. 

This  interpretation,  wliich  I  believe  to  be  essentially  accurate,  was 
modified  by  Professor  Hughes,  who,  fixing  on  a  conglomerate  as  the  base  of 
the  Cambrian  system,  regarded  all  the  rocks  below  it,  or  what  he  termed 
his  "  Bangor  group,"  as  pre-Cambrian.^  He  has  been  followed  in  this  view 
by  subsequent  writers ;  ^  but  Mr.  Blake  has  argued  that  here,  as  in  the 
Llanberis  district,  there  is  no  evidence  to  separate  the  volcanic  detrital 
deposits  above  the  porphyry  from  the  Cambrian  system.* 

A  little  southward  from  Bangor  the  quartz-porphyry  is  overlain  by  a 
most  interesting  group  of  fragmental  rocks,  the  "  Bangor  group "  of  l*ro- 
fessor  Hughes.     liargely  of  volcanic  origin,  they  must  be  some  hundreds  of 

*  Vroc.  Gcol.  Soc.  vol.  iv.  p.  212;  Quart.  Jouni.  Gcol,  Soc.  vol.  iii.  (1847),  p.  136. 

-  Qiuirt.  Journ.  Gcol.  <S'or.  vol.  xxxiv.  (1878),  p.  137. 

^  Prof.  Boimey,  op.  cit.  vol.  xxxv.  (1879),  p.  316;  Dr.  Hicks,  ibid.  p.  296. 

*  Op.  cit.  vol.  xliv.  (1888),  p.  278. 
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feet  thick,  and  pass  under  the  dark  shales  and  grits  of  the  Lower  Silurian 
(Arenig)  series.  Some  of  the  most  peraistent  bands  among  them  are  con- 
glomerates, which  differ  from  eacli  other  in  composition,  but  most  of  which 
consist  largely  of  fragments  of  various  igneous  rocks.  Some  of  the  coarser 
masses  might  be  termed  agglomerates,  for  they  show  little  or  no  trace  of 
bedding,  and  are  essentially  made  up  of  blocks  of  volcanic  material.  There 
are  abundant  beds  of  grit,  sometimes  pebWy  or  finely  conglomeratic,  alter- 
nating with  tuffs  and  with  bands  of  more  ordinary  sediment.  Courses  of 
purple  shale  and  sandstone,  green  shale  and  dark  grey  sandy  shale  occasion- 
ally occur  to  mark  pauses  in  the  volcanic  explosions.  Perhfips  the  most 
striking  feature  in  the  pyroclastic  materials  is  the  great  abundance  of  very 
fine  compact  pale  tuffs  (hiilleflintas  of  some  writers),  sometimes  thinly 
laminated,  sometimes  occurring  in  ribbon-like  bands,  each  of  which  presents 
internally  a  close-grained,  almost  felsitic  or  flinty  texture.^ 

A  cui-sory  examination  of  the  contents -of  the  conglomerates,  breccias 
and  grits  shows  them  to  consist  largely  of  different  felsites,  with  fragments 
of  more  basic  lavas.  Some  of  these  might  obviously  have  been  derived 
from  the  rock  of  the  ])orphyry  ridge,  but,  as  at  Llyn  Padarn,  there  is  a  far 
greater  variety  of  material  than  can  be  found  in  that  ridge.  Some  of  the 
fragments  show  perfect  tiow-structure.  Professor  Bouney  lias  described  the 
microscopic  characters  of  some  of  these  fragments,  and  has  especially 
remarked  upon  their  glassy  character.  Among  the  slides  prepared  from 
8i)ecimens  collected  by  myself,  besides  the  abundant  fragments  of  felsite 
(rhyolite),  there  are  also  numerous  pieces  of  different  andesitic  lavas  and  fine 
tuffs,  as  well  as  grains  of  quartz  and  felspar,  and  sometimes  a  good  deal  of 
granular  iron-ore. 

That  a  large  proportion  of  the  material  of  the  so-called  "  Bangor  beds  " 
was  directly  derived  from  volcanic  explosions  can  hardly  be  doubted. 
There  appears  to  have  been  a  prolonged  succession  of  eruptions,  varying  in 
intensity,  and  somewhat  also  in  the  nature  as  well  as  in  the  relative  fine- 
ness of  the  material  discharged.  On  the  one  hand,  coarse  massive  agglomer- 
ates were  probably  accumulated  not  far  from  the  active  vents,  as  the  result 
of  more  violent  or  transient  explosions ;  on  the  other  hand,  exceedingly  fine 
and  well-stratified  tuffs,  wliich  attain  a  great  thickness,  serve  to  indicate 
a  phase  of  eruptivity  marked  by  the  long-continued  discharge  of  fine 
volcanic  dust.  Ordinaiy  sediment  was  dou])tles8  drifted  over  the  sea- 
bottom  in  this  district  during  the  volcanic  episode,  but  the  comparative 
iufrequence  of  distinct  interstratifications  of  shale  or  sandstone  may  be  taken 
to  imply  that  as  a  ride  the  pauses  between  the  eruptions  were  not  long 
enough  to  allow  any  considerable  accumulation  of  sand  or  mud  to  take 
place. 

No  satisfactory  proof  has  yet  l>een  ol)tained  of  any  interstratified  lavas 
among  the  tuffs  of  the  Bangor  district.      Some  nxks,  indeed,  can  be  seen 

^  The  occurrence  of  flinty  or  clierty  (lei)osits,  in  association  with  volcanic  rooks  of  Lower 
Sihiriau  age,  is  well  established  in  Britain,  an<l  will  be  more  juirticularly  referre<l  to  in  the 
sec^uel. 
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on  the  road  between  the  George  Hotel  and  Hendrewen,  which,  if  there 
were  better  exposures,  might  possibly  furnish  the  required  proof;  but  at 
present  little  can  be  made  of  them,  for  their  relations  to  the  surrounding 
rocks  are  everywhei'e  concealed. 

From  what  I  have  now  adduced,  it  is  obvious  that  while  both  felsitic 
and  andesitic  lavas  existed  within  the  volcanic  foci,  and  were  ejected  in 
fragments  to  form  the  tuffs  and  breccias,  the  lavas  poured  out  at  the 
surface  during  the  Cambrian  period  in  Caemar\'onshire  were  mainly,  if  not 
entirely,  felsites  (rhyolites)  in  which  the  chief  porphyritic  constituent  was 
quartz.  These  lavas  thus  stand  entirely  by  themselves  in  the  volcanic 
history  of  Wales.  Though  felsites  of  various  types  were  afterwards  poured 
out,  nothing  of  the  same  quartziferous  kind,  so  far  as  we  yet  know,  ever 
again  appeared.  Fiu-ther  south,  in  Merionethshire,  as  will  be  shown  in 
Chapter  xii.,  the  Cambrian  volcanic  eruptions  appear  to  have  been  on 
the  whole  less  acid,  and  to  Imve  l)egun  with  the  outpouring  of  andesitic 
lavas. 

I  have  now  to  consider  the  relation  of  the  volcanic  group  of  Bangor 
to  the  strata  wliich  overlie  it.  The  geological  horizon  of  these  strata  is 
not,  perhaps,  very  definitely  fixed.  It  may  be  Arenig,  possibly  even  older. 
But  for  my  present  puri)ose  it  will  be  suflBcient  to  consider  the  strata  in 
question  as  lying  at  the  bottom  of  the  Lower  Silurian  series.  Professors 
Hughes  and  Bonney  have  taken  as  their  base  a  marked  but  impersistent 
band  of  conglomerate.  Mr.  Blake,  however,  has  more  recently  shown 
that,  as  this  band  is  succeeded  by  tuffs  like  those  below  it,  it  cannot  1^ 
claimed  as  marking  the  upper  limit  of  the  volcanic  group.  He  therefoi*e 
classes  it  in  that  group  and  traces  what  he  thinks  is  an  overlap  or 
unconformability  at  the  bottom  of  the  Lower  Silurian  strata  to  the  east. 
Mr.  B.  K  Peach,  who  accompanied  me  in  an  examination  of  this  ground, 
agreed  with  me  in  confirming  Mr.  Blake's  observation  as  to  the  position 
of  the  conglomerate,  which  is  undoubtedly  overlain  by  the  same  flinty 
felsitic  tuffs  as  are  found  below  it.  But  we  were  unable  to  trace  any 
unconformabilitv.  Accordinjj  to  the  numerous  observations  which  we 
made,  there  does  not  seem  to  be  any  discordance  in  strike  or  dip  between 
the  flinty  tuffs  and  the  overlying  shales  and  grits.  The  two  groups  of 
rock  appeared  to  us  to  be  conformable  and  to  pass  into  each  other,  as  at 
Llyn  Padarn.^ 

An  unconformable  junction  here  would,  in  some  respects,  have  been 
welcome,  for  it  would  at  once  have  accounted  for  the  superposition  of 
Lower  Sihuian  strata  directly  upon  the  Cambrian  volcanic  series,  and  for 
the  disappearance  of  the  Llanberis  slates  and  grits  which  form  so  conspicu- 
ous a  feature  above  the  tufis  and  conglomerates  at  Llyn  Padam.  In  tlie 
absence  of  such  a  structure  we  must  accept  the  order  of  succession  as 
apparently  unbroken,  and  rely  on  S(nue  such  explanation  as  was  proposed  by 
Sir  Andrew  Ramsay  to  account  for  the  overlap  of  the  Arenig  rocks  on 

*  See  Mr.  Blake  on  this  i»oiiit,  Quart.  Joimi.  Geo?.  Soc.  vol.  xlviii.  (1S92),  p.  252,  note.     1 
retain  the  opinion  expressed  above. 
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everything  older  thaii  themselves  as  they  are  traced  northwards.^  But 
this  explanation  will  not  entirely  remove  the  difficulties  of  the  case.  The 
inosculation  of  the  volcanic  group  of  Bangor  with  the  Ijase  of  the  Lower 
Silurian  series  cannot  be  accounted  for  by  any  such  overlap ;  it  seems  only 
explicable  on  the  supposition  that  the  volcanic  activity,  which  ceased  in  the 
Ilyn  Padam  district  about  the  time  that  the  Llanberis  Slates  were  deposited, 
was  continued  in  the  Bangor  area  until  Ai*enig  time,  or  was  tlien  renewed. 
The  thick  volcanic  group  of  Bangor  would  thus  be  the  stratigraphical 
equivalent  not  only  of  the  thin  volcanic  group  of  Llyn  Padarn,  but  of  the 
overlying  mass  of  strata  up  to  the  Arenig  rocks.  In  confirmation  of  this 
view,  I  shall  show  in  a  later  chapter  that  volcanic  action  seems  to  have 
been  prolonged  in  Anglesey  to  a  still  later  geological  period,  tliat  it 
appeared  during  the  deposition  of  the  Arenig  strata,  and  that  it  attained  a 
great  development  throughout  the  time  of  the  Bala  grou]).  That  a  series 
of  volcanic  rocks,  with  associated  cherty  strata,  may  be  the  stratigraphical 
equivalent  of  a  great  thickness  of  ordinary  sediments  in  other  districts 
will  be  dwelt  upon  in  the  description  of  the  Lower  Silurian  volcanic  geology 
of  the  Southern  Uplands  of  Scotland." 

In  the  areas  of  North  Wales  wliich  have  now  Ijeen  described,  volcanic 
action  appears  to  have  l>egun  and  ended  within  the  limits  of  the  Cambrian 
period.  Southwards,  in  the  district  of  Dolgelly,  another  distinct  and,  in 
some  respects,  very  different  development  of  Camlirian  volcanic  activity  may 
be  recognized.  In  that  district  there  is  evidence  that  tlie  volcanoes  which 
distinguished  the  earlier  part  of  the  Silurian  period  liad  already  tegun 
their  eruptions  during  Cambrian  time.  As  their  records,  however,  are 
intimately  linked  with  those  of  Silurian  age,  an  account  (^f  them  is  deferred 
to  the  next  chapter. 

THE    MALVEIJN    HILLS 

Although  the  chief  surviving  records  of  Cambrian  volcanic  action  in 
Britain  are  found  in  Wales,  there  is  no  evidence  that  the  volcanoes  of  the 
period  lay  chiefly  in  that  region.  It  is  certainly  a  suggestive  fact  that,  in 
the  few  districts  where  Cambrian  stratii  appear  from  under  younger  forma- 
tions in  England,  they  are  genemlly  accompanied  with  igneous  rocks,  though 
the  age  of  the  latter  may  be  older  or  later  than  the  Caml)rian  period.  If 
the  oldest  Palaeozoic  rocks  could  Ije  uncovered  over  the  English  counties,  a 
more  abundant  development  of  volcanic  materials  might  l>e  laid  bare  than 
is  now  to  be  seen  in  Wales. 

Taking,  however,  the  extremely  limited  exposures  of  Camlaian  strata, 
we  find  two  tracts  that  specially  deserve  attention.  Eeference  has  already 
lieen    made    to    the    ancient   eruptive    rocks    of   the    Malvern    Hills,   the 

*  Mem,  Otol,  Surv.  voL  iii.  2iul  edit.  ]».  252. 

•  A  group  of  cherts  and  niudstones  not  more  than  60  or  70  feet  thick  appear  in  that  region 
to  be  .stratigraphically  equivalent  to  the  great  (h'pth  of  sedimentary  material  wliicli  elsewhere 
constitutes  the  Upper  Arenig  and  Lower  and  Middle  Llandeilo  formations.    See  AnuuoJ  liepoH  of 
the  Geoloffienl  Survey  ftrr  1895,  p.  27  of  reprint. 
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antiquity  of  which  is  proved  by  the  position  of  the  Cambrian  fossiliferous 
strata  that  overlie  them.  But  these  strata  themselves  include  certain 
igneous  rocks  which  point  to  a  recrudescence  of  eruptive  energy  in  a  far 
later  geological  period. 

Nearly  half  a  century  has  passed  away  since  John  Phillips  men- 
tioned the  intercalation  of  igneous  rocks  in  the  series  of  strata  which  is 
now  classed  as  Upper  Cambrian  in  the  Malvern  Hills.  Since  that  date 
hardly  anything  has  been  added  to  the  information  which  he  collected. 
The  existence  of  a  group  of  rocks  of  such  high  antiquity,  asserted  to  be  of 
truly  volcanic  origin,  and  the  precise  horizon  of  which  could  be  fixed  by  the 
stratigraphical  aid  of  organic  remains,  seems  to  have  almost  dropped  out  of 
sight.  Phillips  noted  the  occurrence  of  what  he  regarded  as  truly  volcanic 
materials  in  the  HoUybush  Sandstone  and  the  overlying  dark  (Lingula) 
shales,  and  he  clearly  recognized  that  a  wide  difference  of  age  separated 
them  from  the  far  more  ancient  igneous  rocks  of  the  central  core  of  the 
chain.  The  Hollybush  Sandstones  were  observed  by  him  to  have  "  often  a 
trappean  aspect  and  to  be  traversed  with   felspathic  dykes."     He  found 


FlQ.  45. — Section  across  the  Cambrian  formations  of  the  Malvern  Hills,  sliowing  the  position  of  the 

intercalated  ij^neous  rocks  (jy  id).     After  Phillips. 

the  overlying  black  shales  to  include  "  layers  of  trappean  ashy  sandstone." 
But  it  was  at  the  top  of  these  shales  that  he  obtained  what  he  regarded  as 
the  most  conspicuous  evidence  of  contemporaneous  volcanic  action.  He 
there  encoimtered  a  zone  of  "  interposed  trap  rocks  "  varying  up  to  50  feet 
in  thickness,  consisting  of  "  porphyritic  and  greenstone  masses,  which, 
erupted  from  below,  have  flowed  in  limited  streams  over  the  surface  of  the 
black  shales."  He  recognized  amygdaloidal  and  prismatic  structures  among 
them.^     The  position  of  these  eruptive  rocks  is  shown  in  Fig.  45. 

These  rocks  were  afterwards  obsei-ved  and  described  by  Dr.  Holl,  who 
found  what  he  considered  to  be  four  true  lava  sheets  interstratified  in  the 
Hollybush  Sandstones.  He  noted  the  intercalation  of  "  numerous  beds  of 
volcanic  iish,  grit  and  lava  "  in  the  black  shales.^ 

So  far  as  I  am  aware,  no  more  recent  accomit  of  these  rocks  has  been 
published.  Their  true  stratigraphical  and  petrographical  relations  require 
to  be  more  precisely  determined.  If  they  are  really  contemporaneous  lavas, 
they  point  to  volcanic  eruptions  at  the  time  when  the  middle  division  of 
the  Cambrian  system  was  being  deposited.  If,  on  the  other  hand,  they 
should  prove  to  be  intrusive,  they  would  indicate  probable  volcanic  activity 
in  this  part  of  England  at  some  time  later  than  the  middle  of  the  Cambrian 
period. 

*  McDi.  Geol.  Survey  J  vol.  ii.  part  i.  ]»p.  52,  55  ;  also  Horizontal  Sections  of  the  Geol.  Survey, 
Sheet  13,  No.  8,  and  Sheet  15.  Reference  to  the  igneous  rocks  of  this  area  will  be  found  in  the 
remarkable  essay  by  De  la  Beclie  in  vol.  i.  of  the  Mem.  Geol.  Sure.  pp.  34,  38. 

2  Qiuirt.  Journ.  Geol.  Soc.  vol.  xxi.  (1865),  pp.  87-91. 
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WARWICKSHIRE 

Some  fifty  miles  to  the  north-east  of  the  Malvern  Hills,  in  the  heart  of 
the  rich  Midlands,  and  among  the  coal-fields  and  the  New  Eed  Sandstone  to 
which  these  Midlands  owe  so  much  of  their  manufacturing  industry  and 
their  agricultural  fertility,  another  little  tract  of  Cambrian  rocks  rises  to 
the  surface  on  the  east  side  of  the  Warwickshire  coal-field  between 
Nuneaton  and  Atherstone.  So  imobtrusively  do  these  ancient  strata  take 
their  place  among  their  younger  peers,  that  their  venerable  antiquity  was 
for  a  long  time  undetected.^  They  were  actually  regarded  as  j)arts  of  the 
Carboniferous  series,  which  at  first  sight  they  seem  to  imderlie  conformably. 
It  was  not  until  1882  that  the  mistake  was  corrected  by  Professor 
Lapworth,  who  proved  the  rocks  to  be  Cambrian  by  finding  undoubted 
Upper  Cambrian  fossils  in  them.-  Subsequent  investigation  enabled  him 
to  work  out  the  detailed  sequence  of  these  strata.  He  found  that  the 
supposed  " Millstone  Grit"  is  a  thick-bedded  quartzite  perhaps  1000  feet 
in  thickness,  and  resembling  the  well-known  quartzites  of  the  Lickey  and 
Caer  Caradoc.  The  "  Coal-shales  "  proved  to  be  a  series  (possibly  2000  feet 
thick)  of  purple,  green,  grey  and  black  shales,  which  from  their  fossils 
could  be  paralleled  with  the  dark  shales  of  the  Upper  Cambrian  series  of 
the  Malvern  Hills.^  These  shales  are  immediately  overlain  l)y  the  Coal- 
measures. 

For  our  present  inquiry,  however,  the  chief  feature  of  interest  in  these 
discoveries  is  the  recognition  of  a  group  of  volcanic  rocks  underneath  the 
quartzite.  This  group  was  named  the  "  Caldecote  Volcanic  Kocks "  by 
Professor  Lapworth,  who  first  recognized  its  nature  and  relations.  Its 
rocks  have  been  studied  by  Mr.  T.  H.  Waller  ^  and  Mr.  F.  Kutley,^  and  have 
been  traced  upon  a  revised  edition  of  the  Geological  Survey  map  by  Mr. 
A.  Strahan.*  They  consist  of  a  thin  series  of  well  -  stratified  tuffs 
apparently  derived  from  andesitic  lavas.  Their  base  is  not  seen  owing  to 
the  fault  which  brings  down  the  New  Eed  Sandstone  against  them.  They 
are  surmoimted  by  the  quartzite,  which  at  its  base  is  conglomeratic  and 
contains  blocks  of  the  tuff.  A  mass  of  quartz-felsite  is  possibly  intrusive 
in  these  strata,  and  is  associated  with  a  diabase-por])hyrite.  In  these 
rocks,  but  still  more  in  the  shales  which  overlie  them,  numerous  sills  of 
diorite  and  diabase  occur.     The  total  thickness  of  rrxks  from  the  lowest 

*  Their  antiquity  was  recognized  by  Yates  as  far  back  as  1825  {Trans,  (kol.  Soc.  2n{l  series, 
vol.  ii.  p.  261).  They  had  been  confounded  with  "Millstone  Grit"  and  ''Coal-shale"  by 
Conybeareand  Phillips,  and  this  mistake  was  adopted  on  the  maps  and  memoirs  of  the  Geological 
Survey. 

«  OeoL  Mag,  (1882),  p.  563.  "^  Op.  cit.  (1886),  p.  319. 

*  Op,  cit.  p.  323.  *  OjK  Cit.  p.  557. 

*  OeoL  Mag.  (1886),  p.  540.  In  this  paper  full  references  will  be  found  to  the  previous  pa|)ers 
on  the  geology  of  the  district.  Jukes  had  recognized  that  the  rocks  below  the  coal-bearing 
strata  were  "older  than  the  Upper  Silurian,  perhaps  older  than  any  Silurian,"  Mem.  Oeol. 
Survey,  **  South  Staffordshire  Coal-field  "  (1859),  p.  134. 
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visible  part  of  the  Caldecote  volcanic  series  to  the  base  of  the  Coal-measui'es 
is  probably  between  2000  and  3000  feet. 

There  can  be  no  doubt  as  to  the  geological  position  of  the  dark  fossil- 
iferous  shales  and  theii*  underlying  quartzite.  The  fact  that  the  basement 
conglomerate  of  the  quartzite  is  partly  made  up  of  the  underlying  volcanic 
series  may  possibly  mark  a  wide  difterence  of  age  between  them,  and  may 
indicate  that  the  eruption  of  the  tuifs  took  place  long  before  Upper 
Cambrian  time.  On  the  other  hand,  the  tufts  have  the  same  strike  and 
angle  of  dip  with  the  quartzite,  and  as  Professor  Lapworth  admits,  the 
break  between  them  mav  not  be  of  great  moment.  It  is  at  least  certain 
that  the  intrusive  sills  of  the  district  are  later  than  the  tufts,  and  later  also 
than  the  sedimentary  Cambrian  groups. 
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CHAPTER   XII 

CHARACTERS    OF    THE    SILURIAN   SYSTEM    IN    BRITAIN.       THE  ARENIG   VOLCANOES 

The  Land  and  Sea  of  Silunan  time — Classification  of  the  Silurian  System — (Jeneral 
Petrography  of  the  Silurian  Volcanic  Rocks — I.  The  Eruptions  of  Arenig  Age. 

The  next  great  geological  period,  to  which  Murchison  gave  the  name  of 
Silurian,  has  in  Britain  a  fuller  record  than  the  period  which  i>receded  it. 
The  rocks  that  tell  its  history  are  more  varied  in  origin  aud  structure. 
They  are  displayed  at  the  surface  over  a  far  wider  area,  and,  w4mt  gives 
them  special  interest  and  value,  they  contain  a  much  larger  assemblage  of 
organic  remains.  For  the  immediate  subject  of  tlie  present  volume,  they 
have  likewise  the  additional  attraction  that  they  include  a  singularly  com- 
plete and  widespread  volcanic  chronicle.  They  display  in  many  admirable 
sections  the  piled-up  lavas  and  tuffs  of  scores  of  volcanoes,  scattered  all 
over  the  three  kingdoms,  from  the  headlands  of  Kerry  to  the  hills  of 
Lammermuir.  They  thus  enable  us  to  fonn  a  truer  conception  of  what  the 
early  Palaeozoic  volcanoes  were  than  is  possible  from  the  more  limited 
evidence  furnished  by  the  Cambrian  system. 

At  the  beginning  of  the  Silurian  period  most  of  the  area  of  the  British 
Isles  lay  under  the  sea.  But  if  we  may  judge  from  the  sedimentary  strata 
which  represent  the  floor  of  that  sea,  the  water,  during  most  of  the  time, 
was  of  no  great  depth.  There  is  evidence,  indeed,  that  during  a  part  of 
the  period  the  sea  was  deep  enough  to  admit  of  the  accumulation  of  wide 
tracts  of  radiolarian  ooze,  with  but  little  admixture  of  mechanical  sediment. 
But,  for  the  most  part,  sand  and  mud  were  drifted  from  neighbouring 
lands,  the  more  important  of  which  prol)ably  lay  to  the  north,  over  what 
are  now  the  Highlands  of  Scotland  and  the  north  and  north-west  districts 
of  Ireland.  No  general  change  in  topography  or  in  physical  conditions 
took  place  at  the  close  of  Cambrian  time.     The  older  em  glided  insen8il>ly 
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into  the  newer,  unmarked  by  any  such  catastrophe  as  was  once  supposed 
to  have  intervened  at  the  end  of  each  great  geological  period.  There 
are  traces,  indeed,  of  slight  local  disturbances,  but  these  only  make  the 
general  gradual  transition  more  marked. 

Of  the  vegetation  wliich  covered  the  Silurian  lands  hardly  anything  is 
known.  Traces  of  lycopods  and  ferns  have  been  detected,  and  these  probably 
formed  the  chief  constituents  in  what  must  have  been  rather  a  sombre  and 
monotonous  flora.  The  character  of  the  terrestrial  fauna  is  still  hidden 
from  us,  though  we  do  know  that  insects  winged  their  way  through  those 
gi'een  flowerless  forests,  and  that  scorpions  likewise  harboured  there. 
That  these  primeval  arachnoids  were  air-breathers  is  shown  by  their 
breathing  stigmata ;  and  from  the  fact  that  they  possessed  a  w^ell-developed 
poison-gland  and  sting,  we  may  believe  that  there  were  already  living  at 
the  same  time  other  land-animals,  possibly  of  higher  grade,  on  which  they 
preyed.  But  of  these  ancestral  types  no  actual  relics  have  yet  been 
discovered. 

It  is  the  life  of  the  sea-floor  that  has  mainly  been  chronicled  among  the 
sedimentary  formations.  Taking  the  Silurian  system  as  a  whole,  we  find  it 
to  be  the  repository  of  a  remarkably  varied  assemblage  of  organisms. 
Among  the  simpler  forms,  Eadiolaria  deserve  especial  notice,  from  their  wide 
range  in  space  and  time,  and  the  comparative  indestructibility  of  the 
highly-siliceous,  fine-grained,  flinty  strata,  which  have  preserved  them  in 
abundance  and  have  a  wide  distribution  over  the  British  Isles.  The 
Graptolites,  so  specially  characteristic  of  the  system,  range  entirely  through 
it,  and  by  their  successive  differences  of  specific  and  generic  forms, 
furnish  a  basis  for  the  division  of  the  whole  series  of  rocks  into  more 
or  less  definite  stratigraphical  zones.  Hardly  less  important  for  purposes 
of  correlation  are  the  Trilobites  which  in  the  Silurian  period  reached  the 
culmination  of  their  development  in  regard  to  number  of  species  and  genera. 
These  interesting  extmct  types  of  crustacean  life  must  have  swarmed  over 
some  parts  of  the  sea-]x)ttom,  for  their  remains  abound  in  its  hardened  silts. 
The  Brachiopods  are  likewise  numerously  represented  among  Silurian  strata ; 
and  since  the  vertical  range  of  the  species  is  generally  not  great,  they  ser\'e 
as  useful  guides  in  fixing  stratigraphical  horizons.  Lamellibranchs, 
Gasteropods,  and  Cephalopods  become  increasingly  numerous  and  varied  as 
we  follow  the  succession  of  strata  from  the  base  to  the  summit  of  the 
Silurian  system.  That  there  were  fishes  also  in  the  Silurian  seas  is 
proved  by  the  occurrence  of  their  remains,  more  particularly  in  the  higher 
formations. 

From  the  organic  remains  which  have  been  preserved  in  the  rocks,  it 
may  be  inferred  that  the  animal  life  of  the  globe  became  more  varied  in 
Silurian  tune ;  higher  types  made  their  appearance,  until  vertebrates  took 
the  place  of  pre-eminence  which  they  have  ever  since  maintained. 

The  volcanic  activity  that  had  marked  the  passage  of  Cambrian  time 
in  Britain  was  prolonged  into  the  Silurian  period.  In  North  Wales, 
indeed,  it  is  clear  that  though  the  eruptions  began  in  the  earlier  era  of 
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geological  history  they  continued  to  be  comparatively  feeble  until  they 
broke  out  into  full  activity  in  the  succeeding  epoch.  There  is  no  hiatus 
or  essential  difference  between  the  volcanic  phenomena,  any  more  than 
there  is  between  the  sedimentary  deposits,  of  the  two  periods. 

Although  it  may  be  only  owing  to  the  fact  that  the  Silurian  formations 
come  much  more  extensively  to  the  surface  of  the  land  than  the  underlying 
Cambrian  are  permitted  to  do,  yet  it  is  at  least  noteworthy  that  the  relics 
of  Silurian  volcanoes  are  spread  over  a  far  wider  area  of  the  British  Isles 
than  those  of  the  earlier  period.  Throughout  a  large  part  of  Wales  they 
form  some  of  the  most  prominent  mountains,  such  as  Cader  Idris,  the  Arans, 
Arenig  Fawr,  Moel  Wyn,  Moel  Sialiod,  and  Snowdon.  They  rise  into  the 
picturesque  hill-groups  of  the  Lake  District,  they  appear  at  many  detached 
places  throughout  the  south  of  Scotland,  and  form  conspicuous  eminences  in 
Carrick.  In  Ireland  they  abound  all  down  the  east  side  of  the  island,  and 
even  reappear  on  the  far  western  headlands  of  the  Dingle  coast-line. 

To  the  same  pioneers,  by  whom  the  foundations  of  our  knowledge  of  the 
Cambrian  volcanoes  were  laid,  we  are  indebted  for  the  first  broad  outlines 
of  the  history  of  volcanic  action  in  Silurian  time.  The  writings  of 
Sedgwick  and  Murchison,  but  still  more  the  detailed  mapping  of  De  la 
Beche,  Eamsay,  Selwyn,  Jukes,  and  the  other  meml)ers  of  the  Geological 
Survey,  have  given  to  the  Silurian  volcanic  rocks  of  Wales  a  classic  interest 
in  the  history  of  geology.  To  these  labours  further  reference  will  be  made 
in  subsequent  pages.^ 

The  amount  of  material  being  so  ample  for  the  compilation  of  a  record 
of  volcanic  action  in  Britain  during  Silurian  time,  it  will  be  desirable  to 
arrange  it  in  stratigraphical  order.  For  this  purpose  invaluable  assistance 
is  afforded  by  the  evidence  of  organic  remains,  whereby  the  whole  Silurian 
system  has  been  suMivided  into  sections,  each  characterized  throughout  the 
whole  region  by  certain  distinctive  fossils.  The  following  tabular  state- 
ment exhibits  the  chief  stratigraphical  divisions  of  the  system,  and  the 
short  black  lines  in  it  mark  the  positions  of  separate  volcanic  ])latforms  in 
each  of  the  three  kingdoms  : — 


i  Ludlow  Group 
Upper  Silurian  <  Wenlock  Group 

(  Llandovery  Group . 

j'  Bala  and  Caradoc  Group 
Lower  Siliurian  -J  Llandeilo  Group    . 

I  Arenig  Group 


1  England 

1 

Wales 

Scotlaiul 

Ireland 

• 

... 

«  •  • 

9 

•  •  • 

•  •  • 

•  •  • 

•  *  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

It  will  be  most  convenient,  following  the  combined  stratigraphical  and 
geographical  arrangement  of  this  table,  to  discuss  first  the  volcanic  histor}' 
of  the  Lower  Silurian  period  as  recorded  in  each  of  the  three  kingdoms,  and 
then  that  of  the  Upper  Silurian. 

*  For  references  to  the  older  literature  see  antt^  p.  14'J. 
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I.  THE  ERUPTIONS  OF  ARENIG  AGE 

i.    MERIONETHSHIRE 

Placing  the  upper  limit  of  the  Cambrian  system  at  the  top  of  the 
Tremadoc  group,  we  pass  into  the  records  of  another  series  of  volcanic 
eruptions  which  marked  various  epochs  during  the^Silurian  period  over  the 
area  of  the  British  Isles.  The  earliest  of  these  volcanic  episodes  has  left  its 
memorials  in  some  of  the  most  impressive  scenery  of  North  Wales.  To  the 
picturesque  forms  sculptured  out  of  the  lavas  and  ashes  of  that  early  time, 
we  owe  the  noble  range  of  cliffs  and  peaks  that  sweeps  in  a  vast  semicircle 
through  the  heiglits  of  Cader  Idris,  Aran  Mawddwy,  Arenig,  and  Moel 
Wyu.  To  the  east  other  volcanic  masses,  perhaps  in  part  coeval  with 
these,  rise  from  amidst  younger  formations  in  the  groups  of  the  Berwyn  and 
Breidden  Hills,  and  the  long  ridges  of  the  Shelve  and  Comdon  country. 
Far  to  the  south,  traces  of  Silurian  volcanoes  are  met  with  near  Builth, 
while  still  more  remote  are  the  sheets  of  lava  and  tuif  interstratified 
among  the  Lower  Silurian  rocks  of  Pembrokeshire,  and  those  which  extend 
into  Skomer  Island. 

The  most  important  of  these  districts  is  unquestionably  that  of 
Merionethshire.  In  this  area,  as  was  pointed  out  in  the  last  chapter,  the 
eruptions  certainly  began  before  the  close  of  the  Cambrian  period,  for  traces 
of  them  occur  in  the  Tremadoc  and  Lingula  Flag  groups.  But  below  these 
strata,  in  the  vast  pile  of  grits  and  conglomerates  of  the  Harlech  anticline, 
there  does  not  appear  to  be  any  trace  of  contemporaneous  volcanic  action. 

At  the  time  when  the  Geological  Survey  maps  of  this  region  were 
prepared,  the  Cambrian  and  Lower  Silurian  rocks  had  not  been  subdivided 
into  the  various  palfeontological  groups  which  are  now  recognized.  Nor 
had  any  attempt  been  made  to  separate  the  various  kinds  of  contempor- 
aneous igneous  masses  from  each  other  and  from  the  tuifs  in  so  extensive 
and  complicated  a  mountain-region.  The  task  undertaken  by  the  Survey 
was  beset  with  difficulties,  some  of  which  geologists,  furnished  with  the 
advantages  of  a  later  time,  can  hardly  per)iaps  realize.  The  imperfections 
of  the  mapping  were  long  ago  recognized  by  the  original  surveyors,  and 
various  corrections  of  them  were  made  from  time  to  time.  First  of  all,  the 
volcanic  rocks,  which  originally  had  been  all  massed  under  one  colour,  were 
traced  out  separately  on  the  ground,  according  to  their  structure  and  mode 
of  origin,  and  were  distinguished  from  each  other  on  the  maps.^  Subse- 
quently divisional  lines  were  followed  out  between  some  of  the  larger 
stratigraphical  groups,  the  maps  and  sections  were  still  further  modified,  and 
the  results  were  summed  up  in  the  volume  on  the  Geology  of  North  Walcji.' 

*  Mem.  Geo/.  Surv.  vol.  iii.  2nd  edit.  \i.  95,  note. 

^  Some  of  the  nio<lifications  introduced  are,  I  think,  to  be  regretted,  for  the  earlier  editions  of 
the  maps  and  sections  are  in  certain  respects  more  accurate  than  the  later.  On  this  point  I 
concur  with  the  criticism  made  by  Messrs.  Cole  and  Jennings,  Quart,  Journ.  OtoL  Soc.  vol.  xlv. 
(1889),  p.  436. 


CHAP.  XII  ARENIG  ERUPTIONS— MERIONETHSHIRE  177 

But  short  of  actually  resurveying  the  whole  of  that  rugged  tract,  it  was 
impossible  to  bring  the  maps  abreast  of  the  onward  march  of  science. 
They  consequently  remain,  as  a  whole,  very  much  as  they  were  some  thirty 
or  forty  years  ago. 

Sir  Andrew  Eamsay,  in  his  great  Monograph  on  the  geology  of  North 
Wales,  has  described  the  Merionethshire  volcanic  district  in  considerable 
detail  He  seems  finally  to  have  come  to  the  conclusion  that  the  eruptions 
of  that  area  were  included  within  the  Arenig  period.^  He  shows,  indeed, 
that  on  Ehobell  Fawr  the  ejected  materials  lie  directly  on  disturbed  Lingula 
Flags  without  the  intervention  of  the  Tremadoc  group,  which  is  nevertheless 
present  in  full  development  in  the  near  neighbourhood."  And  in  trying  to 
account  for  this  remarkable  fact  he  evidently  had  in  his  mind  the  possi- 
bility that  volcanic  eruptions  had  taken  place  long  before  as  well  as  after 
the  beginning  of  the  deposition  of  the  Arenig  grit  and  slates.^  He  seems 
eventually,  however,  to  have  looked  on  the  Khobell  FawT  sections  as  excep- 
tional and  possibly  to  be  accounted  for  by  some  local  disturbance  and 
intrusion  of  eruptive  rock.**  He  clearly  recognized  that  there  were  two 
great  epochs  of  volcanic  activity  during  the  Silurian  period  in  Wales,  one 
belonging  to  the  time  of  the  Arenig,  the  other  to  that  of  the  Bala  rocks, 
and  he  pointed  out  that  the  records  of  these  tw^o  periods  are  separated  by 
a  thick  accumulation  of  sedimentary  strata  which,  being  free  from  intei- 
stratifications  of  contemporaneous  igneous  rocks,  may  be  taken  to  indicate 
a  long  interval  of  quiescence  among  the  subterranean  forces.' 

The  lower  limit  of  the  Arenig  rocks  has  been  fixed  at  a  band  or  bands 
of  grit  or  conglomerate  (Garth  grit)  which  can  be  followed  with  some  slight 
interruptions  all  round  the  great  dome  of  Cambrian  strata  from  Llanegrin 
on  the  south  to  the  shore  at  Criccieth  on  the  north.  The  volcanic  group 
doubtless  lies,  generally  speaking,  above  that  basement  platform.  But, 
besides  the  sections  at  Ehobell  Fawr  just  referred  to,  where  the  volcanic 
materials  lie  on  the  Lingula  Flags,  the  same  relation  may,  1  think,  be 
observed  on  the  north  flank  of  Cader  Idris.  Messrs.  Cole,  Jennings,  and 
Holland  have  come  to  the  conclusion  that  the  eruptions  began  at  a  rather 
earlier  date  than  that  assigned  to  them  in  the  Survcn  Memoirs,  and  my 
own  examination  of  the  ground  led  me  to  accept  their  conclusion.^  I 
inferred  that  the  earliest  discharges  in  the  southern  part  of  the  region  took 
place  in  Cambrian  time,  at  or  possibly  before  the  close  of  the  deposition 
of  the  Lingula  Flags,  and  that  intermittent  outbursts  occurred  at  many 
intervals  during  the  time  when  the  Tremadoc  and  Arenig  rocks  were 
deposited. 

'  Afeitu  Geol.  Survey,  vol.  iii.  2ud  ed.,  p.  96. 

'  The  ashes  and  agglomerates  of  Rhobell  Fawr  can  be  seen  in  vavious  i)lace8  to  rest  on  the 
highest  members  of  the  Lingula  Flags.     See  Messrs.  Cole  and  Holland,  f/coL  Mag.  (1890),  j).  451. 
'  Op,  eit.  p.  72. 

*  He  was  disjwsed  to  regard  Rhobell  Y&yn-  as  one  of  the  great  centres  of  eruption  of  the  district. 
See  Memoir  of  A,  C.  Jlamsaii,  p.  81,  and  Geohnpj  of  Xorfh  Wnlcs,  2nd  edit.  p.  98. 

*  Op.  eU.  pp.  71,  96,  105. 

«  Quart.  Joum,  Oeol  Soc.  vol.  xlv.  (1889),  p.  436  ;  Gcul.  Mag.  (1890),  p.  447.     Prcs.  Address 
Geol.  Soc.  1890,  p.  107. 
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Important  coiitirmation  of  this  view  of  the  Cambrian  age  of  the  earlier 
volcanic  eruptions  of  the  Cader  Idris  region  has  recently  been  obtained  by 
Messrs.  P.  Lake  and  S.  H.  Eeynolds  who,  in  the  ground  inter\^ening  between 
the  lower  slopes  of  Cader  Idris  and  Dolgelly,  have  ascertained  the  existence 
of  a  marked  band  of  andesitic  lava  traceable  for  some  distance  in  the  upjier 
Lingula  Flags.  They  have  also  observed  a  higher  volcanic  group  reposing 
upon  the  Tremadoc  strata  at  the  top  of  the  Cambrian  system,  and  consisting 
of  rhyolite  with  rhyolite-tuff's.^ 

Some  of  the  most  stupendous  memorials  of  the  earlier  eruptions  are 
to  be  seen  in  the  huge  mountain  mass  of  Ehobell  Fawr  (2403  feet).  They 
consist  mainly  of  agglomerates  and  tuffs,  one  of  the  most  remarkable  varieties 
of  which  is  distinguished  by  its  abundant  scattered  crystals  of  hornblende 
and  of  augite.  The  fragments  of  rock  included  in  these  rocks  are  scoria- 
and  lumps  of  various  lavas,  especially  basaltic  and  trachytic  andesites.  The 
tuffs  become  finer  towards  the  top  of  the  mountain  where  they  are  inter- 
leaved with  grits.  Among  the  pyroclastic  materials  occasional  lavas 
(basaltic   andesites)   occur  which   may    be    contemporaneous    streams,  but 


r  s  f     s  f 


Fio.  46. — Section  across  Rhol)ell  Fawr.- 
L  L,  Liiigiila  flags  ;  f,  tufls  and  ashy  slates  :  .«,  slates  and  grits  ;  F  F,  Arenig  volcanic  series  ;  D,  dolerite. 

most  of  the  lava-form  rocks  appear  to  Ije  intrusive.  They  include  dolerites 
(augite-aphanites),  basaltic  andesites,  and  trachytic  andesites.^ 

The  materials  from  the  Ehobell  Fawr  volcano  are  clearly  distinguishable 
from  those  of  the  Arenig  volcanoes  in  the  neighbourhood.  The  latter  begin 
to  make  their  appearance  among  the  black  slates  at  the  base  of  the  northern 
declivities  of  Cader  Idris,  and  extend  upward  through  that  mountain  into 
the  country  beyond. 

An  upper  limit  to  this  volcanic  group  is  not  easily  traceable ;  partly, 
no  doubt,  from  the  gradual  cessation  of  the  eruptions  and  partly  from  the 
want  of  any  marked  and  persistent  stratigraphical  horizon  near  the  top  of 
the  group.  Sir  Andrew  Eamsay,  indeed,  refers  to  the  well-known  band 
of  pisolitic  iron-ore  as  lying  at  or  near  to  the  top  of  the  Ai-enig  rocks.** 
There  can  be  no  doubt,  however,  that  the  volcanic  intercalations  continue 
far  above  that  horizon  in  the  southern  part  of  the  district. 

In  spite  of  the  extent  to  which  the  volcanic  masses  of  the  Arenig  period 
have  been  covered  by  later  Paheozoic  formations,  it  is  still  possible  to  fix 
approximately  the  northern,  western,  and  southern  limits  of  the  district 
over  which  the  ashes  and  lavas  were  distributed.     These  materials  die  out 

*  Quart.  J(mrn.  Gcol.  Soc.  vol.  lii.  (1896),  p.  511. 
'^  After  Messi-s.  Cole  and  Holland,  (icol.  'Ma4j.  (1890),  i».  450. 
3  Prof.  Colo,  aeoL  Mag.  (1893),  p.  337. 
*  Mem,  Gcol.  Survey,  vol.  iii.  2nd  edit.  pp.  249,  250. 
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as  they  are  traced  southwards  from  Cader  Idris  and  north-westwards  from 
Tremadoc.^  The  greatest  diameter  of  ground  across  which  they  are  now  con- 
tinuously traceable  is  about  twenty-eight  miles.  They  attain  their  greatest 
thickness,  upwards  of  5000  feet,  in  Aran  Mawddwy,  which  rises  from 
their  most  easterly  escarpment.  We  may  therefore  infer  that  the  main 
vent  or  vents  lay  somewhere  in  that  direction.  The  noble  range  of  preci- 
pices facing  westwards  shows  how  greatly  the  limits  of  the  volcanic  rocks 
have  been  reduced  by  denudation.  There  can  be  little  doul)t  that  at  least 
the  finer  tuffs  extended  westwards  as  far  as  a  line  drawn  from  Tremadoc 
to  Llanegrin — that  is,  some  fifteen  miles  or  more  beyond  the  clifls  of  Aran 
Mawddwy,  thus  stretching  across  much  of  the  site  of  what  is  now  the 
great  Harlech  anticline. 

This  compact,  well-defined  volcanic  area,  in  spite  of  the  faults  whicli 
traverse  it  and  the  disturbed  positions  into  which  its  rocks  have  been 
thrown,  is,  in  many  respects,  one  of  the  simplest  and  most  easily  studied 
among  the  Palteozoic  formations  of  this  country.  Its  main  features  have 
been  delineated  on  the  maps  of  the  Geological  Survey  and  have  l)een 
descriljed  in  Sir  Andrew  Ramsay's  monograph.  Ikit  these  publications  cannot 
be  regarded  as  more  than  a  first  broad,  though  masterly,  outline  of  the 
whole  subject.  There  is  an  ample  field  for  further  and  more  minute 
i-esearch  wherein,  with  the  larger  and  better  Ordnance  maps  now  available, 
and  with  the  advantage  of  the  numerous  modern  petrographical  aids,  a 
more  exhaustive  account  may  be  given  of  the  district.  The  whole  volcanic 
succession  from  base  to  summit  is  laid  bare  in  iiniumerable  magnificent 
natural  sections  along  ranges  of  hills  for  a  distance  of  some  forty  miles,  and 
a  careful  study  and  re-mapping  of  it  could  not  fail  to  add  gi'eatly  to  our 
knowledge  of  the  early  history  of  volcanic  action.^ 

According  to  the  observations  of  the  (Tcological  Sur\'ey,  tlie  Arenig 
volcanic  rocks  of  Merionethshire  naturally  arrange  themselves  in  three 
great  bands,  each  of  which  is  described  as  tolerably  persistent  throughout 
the  whole  district : — 1st,  a  lower  series  of  ashes  and  conglomerates,  some- 
times 3300  feet  thick  (Aran  Mawddwy);  2nd,  a  middle  group  of  '*  fel- 
stones  "  and  "  porphyries,"  consisting  partly  of  true  contemporaneous  lava- 
streams  and  partly  of  intrusive  sheets,  and  reaching  a  tliickness  of  in 00 
feet ;  3rd,  an  upper  series  of  fragmental  deposits  like  that  beneath,  the 
extreme  thickness  of  which  is  800  feet  (Arenig  mounUiin).  A  re-mapping 
of  the  ground  on  the  six-inch  maps  would,  no  doubt,  show  many  local 
departures  from  tliis  general  scheme. 

The  pyroclastic  members  of  this  volcanic  series  present  many  features 
of  interest  both  to  the  field-geologist  and  the  petrographer ;  but  they  have 
as  yet  been  only  partially  studied.  At  the  southern  end  of  the  district 
it  is  remarkable  to  what  a  large  extent  the  earliest  eruptions  must  have 

^  Op.  cit.  p.  96. 

-  The  exceUent  pajjcrs  of  Professor  Cole,  Mr.  Jennings,  Mr.  Holland,  Mr.  (J.  J.  Williams,  Mr. 
P.  Lake  and  Mr.  S.  H.  Reniolds  are  illustrations  of  how  the  published  WDrk  of  thr  Geologi'.al 
Survey  may  Ik;  modified  and  elaborated. 
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been  mere  gaseous  explosions,  with  the  dischai^  of  coDiparativelr  little 
volcanic  material  Many  of  the  tuffs  that  are  interstratified  with  black 
slates  (?Lingula  Flags)  at  the  foot  of  the  long  northern  slope  of  Cader 
Idris,  consist  mainly  of  black-slate  fragments  like  the  slate  andemeath, 
with  a  variable  proportion  of  grey  volcanic  dust. 

The  accompanjing  section  (Fig,  47)  represents  the  arrangement  of  the 

rocks   exposed  at  the  Slate  Quarry  of  Penrhj-n  Gwyn.     About   50  feet  of 

black  slate  (a)  are  there  seen,  the  bedding  in  which 

dips  S.  at  20 ',  while  the  cleaii'age  is  inclined  towards 

S."\V.  at  a  slightly  h^her  angle.     The  next  20  feet 

of  slate  (5)  are  distinguished  by  many  intercalations 

of  slate -tuff  or  breccia,  varying  from  less   than   an 

inch  to  three  feet  in  thickness.     An  intrusive  sheet 

of  andesite  (c),   which  varies  from  two  or  three  to 

ten  feet  in  thickness,  and  is  strongly  cellular  in  the 

(centre,  interrupts  the  slates  and  hardens  them.    Above 

-.^'.■*_    .    this  sill  the  indurated  slate  and  tuff  (d),  containing 

••C'  - '    abundant   felspar  cr)-stals,  pass   under  a  flinty  por- 

Fi    4-— 9«ti      tih  Si  t    pM'^tie  felsite  (c)  or  exceedingly  fine  tuff,  enclosing 

Qu«rr>-,  Pcnrhyn  tJwyn.  a  band  of  granular  tuff.     Beyond  this  band  the  black 

I'm!"  "'"^  "'  '^'"''"  ^'***^  '^**''  ^^^^  ^^^"^  "^  ^^^  continue  up  the  hill  and 

include  a  sheet  of  slaggj-  felsitic  lava  8  or  1 0  feet  thick. 

This  section,  affording  as  it  does  the  first  glimpse  of  the  volcanic  history 

of  Cader  Idris.indicates  a  continued  series  of  feeble  gaseous  discharges,  probably 

&om  one  or  more  small  vents,  whereby  the  black  clay  on  the  seaHoor  was 

blown  out,  the  fragments  falling  hack  again  to  be  covered  up  under  a  gradual 

accumulation  of  similar  dark  mud.     By  degrees,  as  the  rigour  of  eruption 

increased,  lava-dust  and  detached  felspar  crystals  were  ejected,  and  eventually 

lava  rose  to  the  surface  and  flowed  over  the  sea-bottom  in  thin  sheets. 

But  elsewhere,  and  likewise  at  a  later  period  in  this  same  southern  part 
of  the  ilistrict,  the  fragiueutal  discharges  consisted  mainly  of  volcanic  material. 
Sir  Andrew  Bamsay  has  described  the  coarse  conglomerates  composed  of 
Bubaugular  and  rounded  blocks  of  ditfereut  "  porphyries,"  somtinies  20 
inches  in  diameter,  embedded  ia  a  tine  matrix  of  similar  materials.  The 
true  nature  of  the  component  fragments  in  these  rocks  has  still  to  be 
worked  out. 

Messrs.  Cole  and  Jennings  have  noticed  that  the  grey  volcanic  dust  of 
the  older  slate-tuff  of  C'ader  Idris  is  seen  under  the  nucroacope  "  to  abound 
in  particles  of  scoriaceous  andesite  -  glass,  now  converted  into  a  green 
palagonite."  *  Their  investigations  show  that  while  the  same  kinds  of 
volcanic  rocks  continue  to  be  met  with  from  the  bottom  to  the  top, 
nevertheless  there  is  an  increase  in  the  acid  character  of  the  lapilli  as  the 
section  is  traced  upwards.  Some  of  the  fragments  consist  of  colourless 
devitrifieii  glass,  with  pieces  of  pumice,  as  if  derived  from  the  breaking  up 
of  pre\-iously-formed  tuffs.  Others  resemble  quartz-andesites,  rhyolites,  or 
'  <i<Mrt.  Jd«™.  GtoX.  Soc.,  vol.  ilv.  (18SB),  p.  424  ;  Geol.  Mag.  (18M),  pL  447. 
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trachytes,  while  in  at  least  one  instance,  somewhat  low  down  in  the  section, 
quartz-gr^s  with  intruded  material  point  to  the  existence  of  some  fairly 
acid  and  vitreous  lava.^  On  the  south  side  of  Llyn  Cau,  that  is  towards  the 
top  of  the  volcanic  group,  I  found  a  coarse  agglomerate  with  blocks  of  felsitic 
lavas,  sometimes  three  feet  across  (see  Fig.  48).  This  gradual  increase  of 
acidity  in  the  lapilli  of  the  tuffs  finds  an  interesting  confirmation  in  the 
contemporaneous  lava-sheets  to  which  I  shall  afterwards  allude. 

One  of  the  most  noticeable  features  in  the  tuffs  of  this  volcanic  gi^oup 
is  the  great  abundance  of  entire  and  broken  crystals  dispei-sed  through  them. 
These  crystals  have  certainly  not  been  formed  hi  situ,  but  were  discharged 
from  the  vents  as  part  of  the  volcanic  dust.  They  usually  consist  of  felspar 
which,  at  least  in  the  southern  portion  of  the  district,  appears  generally  to 
be  plagioclase.  Frequent  reference  to  these  crystals  as  evidence  of  volcanic 
explosions  may  be  found  in  the  publications  of  the  Survey.  Nowhere  can 
they  be  better  seen  than  in  the  l)lack  slate-tuffs  of  Cader  Idris.  They  are 
there  white,  more  or  less  kaolinized,  and  as  they  he  dispersed  through  the 
black  base,  they  give  the  rock  a  deceptive  resemlJance  to  some  dark 
porphyr}'.  The  large  crystals  of  hornblende  and  augite  abundantly  scattered 
through  much  of  the  tuff  of  Rhobell  Fawr  have  been  already  referred  to. 

In  the  central  parts  of  the  district  thick  bands  of  ashes  were  mapped 
by  the  Survey,  and  described  as  consisting  almost  wholly  of  volcanic  materials, 
but  containing  occasional  thin  bands  of  slate  which  suffice  to  mark  pauses 
in  the  eruptions,  when  ordinary  sediment  was  strewn  over  the  sea-bottom. 
In  the  Cader  Idris  ground,  on  the  other  hand,  interstratifications  of  non- 
volcanic  material  are  of  such  frequent  recurrence  as  to  show  that  there, 
instead  of  constant  and  vigorous  discharges  accumulating  a  vast  pile  of 
ashes,  the  eruptions  followed  each  other  after  intenals  of  sufficient  duration 
to  allow  of  the  usual  dark  sediment  spreading  for  a  depth  of  many  feet 
over  the  sea-bottom. 

One  of  the  most  interesting  deposits  of  these  interludes  of  quiescence  is 
that  of  the  pisoUtic  ironstone  and  its  accompanying  strata  on  the  north 
front  of  Cader  Idris  {%  in  Fig.  48).  A  coarse  pumiceous  conglomerate  with 
large  slag-like  blocks  of  andesite  and  other  rocks,  seen  near  Llyn-y-Gadr, 
passes  upward  into  a  fine  bluish  grit  and  shale,  among  which  lies  the  bed 
of  pisolitic  (or  rather  oolitic)  ironstone  which  is  so  widely  diffused  over 
North  Wales.  The  finely-ooUtic  structure  of  this  band  is  obviously  original, 
but  the  substance  was  probably  deposited  as  carbonate  of  lime  under  quiet 
conditions  of  precipitation.  The  presence  of  numerous  small  Linrjula:  in 
the  rock  shows  that  molluscan  life  flourished  on  the  spot  at  the  time.  The 
iron  exists  in  the  ore  mainly  as  magnetite,  the  original  calcite  or  aragonite 
having  been  first  replaced  by  carbonate  of  iron,  which  was  subsequently 
broken  up  so  as  to  leave  a  residue  of  minute  cubes  of  magnetite." 

Above  the  ironstone  some  more  blue  and  black  shale  and  grit  pass  under 

'  Op,  ciL  p.  429.     A  tuff  lying  below  the  ironstone  near  Cross  Foxes,  east  of  Dolgell y,  likewise 
contains  fragments  of  trachytic  lavas. 

'  Messrs.  Cole  and  Jennings,  op.  cit.  p.  426. 
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a  coarse  volcanic  conglomerate  like  that  below,  lying  at  the  hase  of  the  high 
precipice  of  Cader  Idris.  Hence  tliis  inter- 
calated group  of  sedimentary  strata  marks  a 
I  pause  in  the  discharge  of  ashes  aod  la%'as, 
\  during  which  the  peculiar  conditions  of  sedi- 
■-  mentation  indicated  by  tlie  ironstone  spread 
i  over  at  leaat  the  southern  part  of  the  volcanic 
s  area.  Some  few  miles  to  the  east,  where  the 
i  ironstone  has  been  excavated  near  Cross  Foxes, 
^  the  band  is  again  found  lying  among  tuffs  and 
■|  grits  full  of  volcanic  lapilli. 
.■■;  Between  a  lower  and  an  upper  band  of 

3       tuff  in   the  Arenig  volcanic  group  the  Maps 
S      and  MemoitB  of  the  Geological  Survey  dis- 
■S       tinguish   a   central   zone  of  "  felspathic   por- 
I       phyry,"  which  attains  a  maximum  thickness 
=       of  1500  feet  (see  Fig.  48).     From  Sir  Andrew 
c  ^       Ilamsay's    descriptions,   it    ia    clear    that    he 
7  Ij    recognized   in   this    zone   both   intrusive   and 
a  5^.    extrusive  sheets,  and  that  the  latter,  where 
-    ?|     thickest,  were    not   to    l>e    regarded    as    one 
I    =1    mighty  lava-flow,  but  rather  as  the  result  of 
I  jj    8ucceBsiveoutpourhigs,withoccasionaIinterval9 
I  |-5     marked  by  the  intercalation  of  bands  of  slate 
■a  .H*    or  of  tuff.     To  a  certain  extent  the  iutrude<l 
J  ||    sheets  are  separated  on  the  map  from  thecon- 
T  j-|     tempornneous  lavas ;  but  this  has  been  done 
"   ""    only  in  a  broad  and  sketchy  way.      One  of  the 
most  important,  and  at  the  same   time  most 
difficult,  tasks  yet  to  be  accomplished  in  this 
district  is  the  separation  of  the  rocks  which 
were  proltably  poured  out  at  the  surface  from 
those  that  were  injected  underneath  it.     My 
own   traverses  of  the  ground  have  eonvbiced 
me  that  good  evidence  of  superficial  outflows 
may  be  found  in  tracts  which  have  been  mappal 
as  entirely  intrusive ;  while,  on  the  other  hand, 
some  of  the  so-calleil  "  lavaa  "  may  more  prob- 
ably be  of  the  nature  of  sills. 

The  petrogiaphy  of  the  rocks,  moreover, 

still   requires  much   study.     Among  the  so- 

5      ^^  \       called  "  felspathic  porphyries "  of  the  Survey 

c      ^S*-        I       "i^ps  a  considerable  variety  of  texture,  struc- 

*        «  iT      ture  and  composition  will  doubtless  be  detected. 

In  the  IkscripHre  Catalogue  of  Rock-Sptcitnens 

I  the  Mtiseiitii  of  Pmciicnl  Oedogy  (:{rd  edit.,  1862)  the  rocks  that  form 
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the  "  lava-streams  of  Llandeilo  age,"  in  Merionethshire,  are  named  "  felstone," 
"  felspar -porphyrj',"  "  felstone -porphyry,"  "felspathic- porphyry,"  and  "cal- 
careous amygdaloid." 

The  most  interesting  feature  which  my  own  slight  personal  acquaintance 
with  the  region  has  brought  before  me  is  the  clear  evidence  of  a  succession 
from  comparatively  basic  lavas  in  the  lower  part  of  the  group  to  much  more 
acid  masses  in  the  higher  part.  In  the  Survey  map  numerous  sheets  of 
intrusive  "  greenstone  "  are  shown  traversing  the  Lingula  Flags,  Tremadoc 
slates,  and  lower  part  of  the  volcanic  gi'oup  along  the  northern  glopes  of 
Cader  Idris.  The  true  intrusive  nature  of  much  of  this  material  is  clearly 
established  by  transgressive  lines  of  junction  and  by  contact-metamoi'phism, 
as  well  as  by  the  distinctive  cr}'stalline  texture  of  the  rocks  themselves. 
But  the  surveyors  were  evidently  puzzled  by  some  parts  of  the  ground. 
Sir  Andrew  Eamsay  speaks  of  "  the  gi'eat  mass  of  problematical  vesicular 
and  sometimes  calcareous  rock  which  is  in  places  almost  a^hy- looking." 
After  several  oscillations  of  opinion,  he  seems  to  liave  come  finally  to  the 
conclusion  that  this  vesicular  material,  which  occurs  also  in  the  upper  part 
of  the  mountain,  passes  into,  and  cannot  be  separated  from,  the  undoubted 
intrusive  "  gi-eenstones."  ^ 

The  true  solution  of  the  difficulty  will  be  found,  I  believe,  in  the 
recognition  of  a  group  of  scoriaceous  lavas  among  these  greenstones.  The 
presence  of  a  cellular  structure  might  not  be  sufficient  to  demonstrate  that 
the  rocks  in  which  it  appears  are  true  lava-beds,  for  such  a  stnicture  is  far 
from  unknown  both  among  dykes  and  sills.  But  in  the  present  case  there 
is  other  corroborative  testimony  that  some  of  these  Cader  Idris  amygdaloids 
were  really  poured  out  at  the  surface.  Below  Llyn-y-Gadr — the  dark  tarn 
at  the  foot  of  the  vast  wall  of  Cader  Idris — the  beds  of  coarse  volcanic 
conglomerate  (b  in  Fig.  48),  to  which  I  have  already  alluded,  are  largely 
composed  of  blocks  of  the  vesicular  "  gi-eenstones "  on  which  they  lie. 
These  "  greenstones."  moreover,  have  many  of  the  most  striking  characteristics 
of  true  lavas  (a  in  Fig.  48).  They  are  extraordinarily  cellular ;  their  upper 
surfaces  sometimes  present  a  nuiss  of  bomb-like  slags  witli  flow-structure, 
and  the  vesicles  are  not  infrequently  arranged  in  rows  and  bands  along 
the  dip-planes. 

A  microscopic  examination  of  two  slides  cut  from  these  rocks  shows  them 
to  be  of  a  trachytic  or  andesitic  type,  with  porphyritic  crystals  of  a  kaolinized 
felspar  embedded  in  a  microlitic  groundmass.  The  rocks  are  much  impreg- 
nated with  calcite,  which  fills  their  vesicles  and  ramifies  through  their  mass. 

A  few  miles  to  the  east  some  remarkable  felsitic  rocks  take  the  place 
of  these  vesicular  lavas  immediately  below  the  pisolitic  iron  ore.  I  have 
not  determined  satisfactorily  their  relations  to  the  surrounding  rocks,  and 
in  particular  am  uncertain  whether  they  are  interl^edded  lavas  or  intrusive 
sheets.  Ur.  F.  H.  Hatch  found  that  their  microscopic  characters  show  a  close 
resemblance  to  the  soda-felsites  described  by  liim  from  the  I'ala  series  of 
the  south-east  of  Ireland. 

*  Mem,  dcol.  Sure.  vol.  iii.  2iid  erlit.  p.  36  ;  see  also  j>p.  31,  32. 
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The  slopes  of  Cader  Idris  are  partly  obscured  with  debris,  from  above 
which  rises  the  great  precipitous  face  formed  by  the  escarpment  of 
"  porphyry,"  here  intrusively  interposed  among  the  Arenig  volcanic  rocks. 
This  enormous  sill  will  be  referred  to  a  little  further  on  in  connection 
with  the  other  intrusive  sheets  of  the  region. 

The  remarkably  cellular  rock  which  fonns  the  peak  of  Cader  Idris  is 
coloured  on  the  Survey  map  as  an  intrusive  sill  of  "greenstone,"  which  in 
the  Memoii-  is  said  to  alter  the  contiguous  slates  and  to  appear  to  cut 
across  them  diagonally.  I  am  disposed,  however,  to  think  that  these 
appearances  of  intrusion  are  deceptive.  On  the  southern  declivity  of  the 
mountain  this  rock  presents  one  of  the  most  curious  structures  to  be  seen 
in  the  whole  district.  Its  surface  displays  a  mass  of  spheroidal  or  pillow- 
shaped  blocks  aggregated  together,  each  having  a  tendency  to  divide 
internally  into  prisms  which  diverge  from  the  outside  towards  the  centre.' 
Some  portions  are  extremely  slaggy,  and  round  these  more  solid  portions  finely 
crystalline  parts  are  drawn,  suggestive  rather  of  free  motion  at  the  surface 
than  of  the  conditions  under  which  a  subterranean  sill  must  be  formed. 
The  idea  occurred  to  me  on  the  ground  that  while  the  band  of  i-ock  marked 
as  "greenstone"  on  the  map  is  probably,  in  the  main,  an  interstratified 
lava,  there  may  nevertheless  be  basic  intrusions  along  its  course,  as  in  tlie 
lower  part  of  the  mountain.  The  minute  structure  of  this  amygdaloid, 
as  revealed  by  the  microscope,  shows  it  to  be  an  epidiorite  wherein  tlie 
hornblende,  paramori)luc  after  augite,  has  been  again  partially  altered  along 
the  margins  into  chlorite. 

The  highest  lavas  of  Cader  Idris,  forming  the  ridge  to  the  south  of 
Llyn  Cau,  are  separated  from  the  amygdaloid  just  described  by  a  thick 
zone  of  black  slate  with  thin  ashy  intercalations,  beyond  which  comes  the 
coarse  volcanic  agglomerate  already  referred  to  as  containing  blocks  of 
felsite  a  yard  or  more  in  diameter.  Tliese  lavas  are  true  felsites,  sometimes 
beautifully  spherulitic  and  exhibiting  abundant  flow -structure,  like  some 
of  the  felsites  of  the  next  or  Bala  volcanic  period.^  The  petrography  of 
these  rocks  still  remains  to  be  worked  out. 

The  volcanic  series  of  Cader  Idris  sweeps  northward  through  the  chain 
of  Aran  and  Arenig,  and  then  curves  westward  through  the  group  of 
Manod  and  Moelwyn,  beyond  which  it  raj)idly  dies  out.     In  its  course  of 

*  This  jjeculittr  stnicture  of  tlie  more  basic  Arenig  lavas,  where  the  rock  looks  as  if  built  up 
of  irregularly-sjjheroidal,  sack-like  or  pillow-shaped  blocks,  will  be  again  referred  to  in  connection 
with  the  Arenig  (and  Llandeilo)  lavas  of  Scotland  and  Ireland.  It  appears  to  be  widely  distributed, 
and  esi>ecially  in  connection  with  the  occurrence  of  radiolarian  cherts.  The  black  slate  above  the 
Cader  Idris  amygdaloid  would,  in  a  similar  position  in  Scotland,  be  associated  with  such  cherts, 
but  these  have  not  yet  been  noticed  at  this  locality.  With  the  spheroidal  internally -radiating 
prismatic  structure  of  the  Cader  Idris  rock,  comi)ai*e  that  of  the  lava  at  Acicastello  already 
noticed  on  p.  26. 

*  Messrs.  Cole  andJennings,  Quart,  Joxinx.  Oeol.  Soc.  vol.  xlv,  (1889),  p.  430.  From  the  examina- 
tion of  slices  prejiared  from  a  few  of  the  felsites  of  the  Dolgelly  district,  Dr.  Hatch  observed  a 
"  striking  difference  between  their  characters  and  those  of  the  Cambrian  felsites  of  Caernarvonshire. 
The  porphyritic  constituent  is  now  no  longer  quartz,  but  felspar  (plagioclase),  and  the  rocks 
belong,  not  to  the  rhyolitic,  but  rather  to  the  less  acid  trachytes,  perhaps  even  to  the  andesites.  '* 
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sbout  45  miles  it  undergoes  considerable  variation,  aa  may  be  seen  by 
comparing  a  section  through  Moelwyn  with  that  through  Cader  Idris  already 
given.  According  to  the  researches  of  Mr.  Jennings  and  Mr.  Williams,'  the 
main  mass  of  volcanic  material  in  the  northern  part  of  the  region  consists  of 
fragmentary  rocks  varj'ing  in  texture  from  agglomerates  into  fine  tuffs,  but 
showing  some  differences  in  the  succession  of  beds  in  different  localities. 

The  Tremadoc  group  of  strata  clearly  underlies  the  volcanic  series  of 
these  more  northerly  tracts.  But  it  contains,  so  far  as  appears,  no  intercala- 
tion of  volcanic  material.  The  inference  may  thus  be  dr-awn  that  the 
emptions  b^an  in  the  Cader  Idiis  d  strict  and  d  d  not  extend  into  that  of 
Manod  and  Moelwyn  until  after  the  beginning  of  the  Arenig  period. 
Above  the  Tremaloc  group  lies  the  well  in  irked  and  persistent  band,  about 
13  feet  thick  ki  own  as  the  (.  aith  grit  which  I  ai  I  een  already  referred  to 
as  a  convenient  base  line  to  tl  e  Arenig  gronp 

In  this  northern  listnct  among  the  sediments  which  overlie  the  Garth 
grit,  layers  of  fine  tuff  begin  t  make  their  appeirance,  which  noi-th  of 
Cwm  Orthin  thicken  out  into  a  considerable  mass  between  the  grit  and  the 


lowest  of  the  great  a^l  meiates  These  tufls  whn.!  mark  the  beginning  of 
the  volcanic  eruptions  of  the  listnct  arc  followe  1  1  j  band  of  slate  which 
in  some  places  has  )ielled  a  Ltngila  Oithi.  Ca  a  i  i  and  a  Tetragm^ftirs, 
and  points  to  an  interval  of  quiescence  in  the  volcanic  history.  \Vc  now  enter 
upon  an  enormous  thickness  of  agglomerates  and  tufls  seiiarated  by  several 
hands  of  slate.  Taking  advantage  of  the  slaty  intercalations,  Messrs. 
Jennings  and  Williams  liave  divided  this  great  accumulation  of  fragmentary 
volcanic  material  into  three  beds  (Fig.  49).  The  matrix  of  the  a^lomer- 
ates  is  compact  and  pale,  so  as  to  resemble  and  to  have  been  called  "  felstone," 
but  showing  its  fragmentary  nature  on  weathered  surfaces.  Tlie  blocks 
imbedded  in  this  paste  range  up  to  sometinies  as  much  as  1 1  feet  in  length 
by  4  feet  in  width.  Their  minute  petrograpliical  characters  have  not  been 
studied,  but  the  blocks  are  stated  to  consist  for  tlie  most  jiart  of  "  slaty 
and  schistose  fragments  mixed  witfi  rounded  pebbles  of  fine-grained 
'  felstone.' "     They  are   heaped   together  as  in  true  agglomerates.      1 11  tlie 

I  d/uart.  Joum.  Orol.  Svc  ilrEi.  (1891),  ji.  368. 

'  After  Mewre.  Jenuinga  «nd  Williams,  (Juari.  J-iuru.  '■'■■nl.   Sue.  vol.   xlvii.  .1891),  [>.  371, 
uid  Horizout  Sect.  Geo).  Surv.  31ieet  '28. 
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upper  agglomerate,  fragments  of  cleaved  slate  containing  Liiujida  have 
been  observed. 

The  name  of  "  felstone  "  is  restricted  by  Messrs.  Jennings  and  Williams 
to  certain  fine-grained  varieties  of  rock,  of  which  a  thin  band  lies  at  the 
base  of  the  lower  agglomerate,  while  another  of  considerably  greater  im- 
portance occurs  in  the  middle  of  the  upper  agglomerate.  These  bands 
consist  of  a  fine  compact  greenish  base,  and  weather  with  a  dull  white  crust ; 
sometimes,  as  in  the  thicker  sheet,  a  columnar  structure  shows  itself. 
Whether  these  rocks  are  to  be  regarded  as  lavas  or  sills,  or  even  as  finer 
varieties  of  tuff,  is  a  question  that  awaits  further  inquiry.  But  it  is  clear, 
from  the  investigation  of  the  two  observers  just  cited,  that  the  pyroclastic 
constituents  must  vastly  preponderate  in  the  volcanic  series  over  the 
northern  part  of  the  region.  All  these  rocks,  whether  coarse  or  fine-grained, 
appear  to  be  rather  acid  in  composition,  and  no  evidence  has  yet  been 
obtained  of  a  sequence  among  them  from  a  more  basic  to  a  more  acid  series, 
as  in  Cader  Idris. 

The  higliest  agglomerate  bed  of  the  Manod  and  Moelwyn  area  is  covered 
by  slates  which  contain  Llandeilo  graptolites.  In  this  way,  by  means  of 
pala^ontological  evidence,  the  upward  and  downward  limits  of  the  Arenig 
volcanic  series  in  this  part  of  Wales  are  definitely  fixed. 

Hardly  any  information  has  yet  been  obtained  as  to  the  situation  and 
character  of  the  vents  from  which  the  lavas  and  ashes  of  Merionethshire 
were  discharged.  In  the  course  of  the  mapping  of  the  ground,  the  Geologicid 
Survey  recognized  that,  as  the  greatest  bulk  of  erupted  material  lies  in  the 
eastern  and  south-eastern  parts  of  the  region,  the  chief  centres  of  emission 
were  to  be  looked  for  in  that  quarter,  and  that  possibly  some  of  the  intrusive 
masses  which  break  through  the  rocks  west  of  the  great  escarpment  may 
mark  the  site  of  vents,  such  as  Tyddyn-rhiw,  Gelli-Uwyd-fawr,  Y-Foel-ddu, 
Rliobell  Fawr,  and  certain  bosses  near  Arenig.^  The  distribution  of  the 
volcanic  materials  indicates  that  there  were  certainly  more  than  one  active 
crater.  While  the  southward  thickening  of  the  whole  volcanic  group  points 
to  some  specially  vigorous  volcano  in  that  quarter,  the  notable  thinning 
away  of  the  upper  tuffs  southwai'd  and  their  gi-eat  depth  about  Arenig 
suggest  their  having  come  from  some  vent  in  this  neighbourhood.  On  the 
other  hand,  the  lower  tuffs  are  absent  at  Arenig,  while  on  Aran  Mawddwy, 
only  nine  miles  to  the  south,  they  reach  a  depth  of  3000  feet.  Still  farther 
to  the  south  tliese  volcanic  ejections  become  more  and  more  divided  by 
intercalated  bands  of  ordinary  sediment.  One  of  the  most  important 
volcanoes  of  the  region  evidently  rose  somewhere  in  the  neighbourhood  of 
what  is  now  Aran  Mawddwy.  There  seems  reason  to  surmise  that  the 
sites  of  the  chief  vents  now  lie  to  the  east  and  south  of  the  great  escarp- 
ment, buried  under  the  thick  sedimentary  formations  whicli  cover  all  that 
region. 

If  we  are  justified,  on  stratigraphical  and  petrographical  grounds,  in 
connecting  the  lowest  volcanic  rocks  of  the  Berwyn  range  with  those  of 

^  Man.  ikol.  Suri\  vol.  iii.  2ud  edit.  p.  98  ;  see  also  pp.  44,  54,  .'iS,  71. 
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Merionethshire,  we  may  speculate  on  the  existence  of  a  group  of  submarine 
vents,  coming  into  eruption  at  successive  intervals,  from  some  epoch  during 
the  period  of  the  lingula  Flags  up  to  that  of  the  Bala  rocks,  and  covering  with 
lavas  and  ashes  a  space  of  sea-bottom  at  least  forty  miles  from  east  to  west 
by  more  than  twenty  miles  from  north  to  south,  or  roughly,  an  area  of  some 
800  square  miles.^ 

Besides  the  materials  ejected  to  the  surface,  the  ancient  volca.nic  region 
of  Merionethshire  was  marked  by  the  intrusion  of  a  vast  amount  of  igneous 
rock  between  and  across  the  bedding-planes  of  the  strata  deep  underground. 
One  of  the  most  prominent  features  of  the  Geological  Survey  map  is  the 
great  number  of  sills  represented  as  running  with  the  genenil  strike  of  the 
strata,  especially  between  the  top  of  the  Harlech  giits  and  the  base  of  the 
volcanic  series.  On  the  north  side  of  the  valley  of  the  Mawddach,  between 
Barmouth  and  Rhaiadr  Mawddach,  in  a  distance  of  twelve  miles  the  Survey 
mapped  "more  than  150  intrusions  varying  from  a  few  yards  to  nearly  a 
mile  in  length." "  This  zone  of  sills  is  equally  marked  on  the  south  side  of 
the  valley.  It  may  be  traced  all  round  the  Harlecli  anticline  until  it  dies 
out,  as  the  bedded  masses  also  do,  towards  Towyn  on  the  south  and  about 
Tremadoc  on  the  north. 

The  presence  of  such  a  zone  of  intrusive  sheets  at  the  base  of  an  ancient 
volcanic  series  is  a  characteristic  feature  in  the  geology  of  Britain.  It  is 
met  with  again  and  again  among  the  Palaeozoic  systems,  and  appears  on  a 
striking  scale  in  association  with  the  Tertiary  basaltic  plateaux  of  Antrim 
and  the  Inner  Hebrides.  But  nowhere,  perhaps,  is  it  more  strongly  de- 
veloped than  beneath  the  Arenig  group  of  lavas  and  tuffs  in  North  Wales. 
Abundant  as  are  the  protrusions  marked  on  tlie  (Jeological  Survey  map,  they 
fall  short  of  the  actual  number  to  be  met  with  on  the  ground.  Indeed,  to 
represent  them  as  they  really  are  would  require  laborious  surveying  and  the 
use  of  maps  on  a  far  larger  scale  than  one  inch  to  a  mile. 

The  vast  majority  of  these  sills  are  basic  rocks,  or,  in  the  old  and  con- 
venient terminology,  "  greenstones."  Those  of  the  Cader  Idris  district  have 
been  examined  by  Messrs.  Cole  and  Jennings,  who  found  that,  notwith- 
standing the  considerable  alteration  everywhere  shown  by  the  abundant 
epidote  and  calcite,  the  coarser  varieties  may  be  recognized  as  having  originally 
been  dolerites  approaching  gabbro,  with  a  well-developed  ophitic  character, 
the  general  range  of  structure  being  from  dolerites  without  oUvine  and 
aphanites  to  andesitic  rocks  with  an  originally  glassy  matrix.^  Dr.  Hatch 
confirmed  this  diagnosis  from  slides  prepared  from  my  specimens.  The 
ophitic  structure  is  usually  characteristic  and  well  preserved,  in  spite  of  the 
alteration  indicated  by  epidote,  chlorite,  uralite,  and  leucoxene. 

That  this  zone  of  "  greenstone "  sills  belongs  to  the  period  of  the 
Merionethshire  volcanoes  may  l^e  reasonably  concluded.  The  way  in  whicli 
they  follow  the  line  of  the  great  escarpment,  their  almost  entire  absence 
from  the  Cambrian  dome  to  the  west,  tlieir  cessation  as  the  overlying  lavas 

'  Tlie  Berwjrn  Hills,  however,  will  be  desonbed  in  later  pages  as  a  distinct  volcanic  district. 
*  Mrm,  Uc4)l.  Svrv.  vol.  iii.  p.  26.  '^  Quart.  Jmun.  ficoL  SW.  vol.  xlv.  (1889),  p.  432. 
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and  tuffs  die  out  laterally,  and  their  scarcity  above  the  lower  part  of  the 
volcanic  group,  seem  to  indicate  their  close  relationship  to  that  group.  More- 
over, that  they  must  have  been  as  a  whole  later  than  the  main  part  of  the  lavas 
and  tuffs  may  be  inferred  from  their  position.  The  molten  material  of  which 
they  were  formed  could  hardly  have  forced  its  way  between  and  across  the 
strata  unless  egress  to  the  surface  had  been  impeded  by  some  thick  overlying 
mass.  The  "greenstones"  may  therefore  be  regarded  as  lateral  emanations  from 
funnels  of  more  basic  lava  towards  the  close  of  the  volcanic  period.  Possibly 
some  at  least  of  the  highly  slaggy  and  vesicular  bands  to  which  I  have 
referred  may  represent  portions  of  this  material,  which  actually  flowed  out 
as  streams  of  lava  at  the  surface. 

But  there  is  likewise  evidence  of  extensive  intrusion  of  more  siliceous 
rocks.  On  the  Geological  Survey  map,  besides  the  numerous  "greenstones," 
various  sheets  of  "  felspathic  porphyry  "  are  represented  as  rimning  with  the 
general  strike  of  the  region,  but  here  and  there  breaking  across  it.  One  of 
the  most  remarkable  of  these  acid  sills  is  that  which,  in  the  noble  precipice 
of  Cader  Idris,  has  a  thickness  of  about  1500  feet  and  a  length  of  three  or 
four  miles.  It  is  shown  on  the  map  to  be  transgressive  across  other  rocks, 
and,  as  seen  on  the  ground,  it  maintains  the  uniformity  of  texture  which  is 
characteristic  rather  of  sheets  that  have  solidified  underneath  than  of  those 
which  have  congealed  with  comparative  rapidity  at  the  surface.  On  a  fresh 
fracture  the  rock  presents  a  pale  bluish -grey  tint,  becoming  yellowisli  or 
brownish  as  the  result  of  weathering.  Its  texture  is  finely  granular,  with 
occasional  disseminated  felspars.  Under  the  microscope  a  section  of  it  was 
*  found  by  Dr.  Hatch  to  exhibit  the  characteristic  structure  of  a  microgranite, 
a  confused  holocrystalline  aggregate  of  quartz  and  felspar,  with  a  few  por- 
phyritic  felspars.  Messrs.  Cole  and  Jennings  have  proposed  to  revive  for 
this  rock  Daubuisson's  name  "  Eurite."  ^ 

A  similar  rock  occurs  at  a  lower  horizon  among  the  Lingula  Flags  at 
Gelli-llwyd-fawr,  two  miles  south-west  of  Dolgelly,'^  and  much  microgranite 
has  been  injected  along  the  slopes  above  Tyddyn-mawr. 

The  chronological  relation  of  these  acid  sheets  and  bosses  to  the  more 
basic  intrusions  has  not  yet  been  definitely  deteimined.  That  some  of  them 
may  have  solidified  in  vents  and  may  have  been  directly  connected  with  the 
protrusion  of  the  later  or  more  highly  siliceous  lavas  is  not  at  all  improb- 
able. Others  again  would  seem  to  belong  to  a  much  later  geological  period 
than  the  Arenig  volcanoes.  In  this  late  series  the  well-known  boss  of 
Tan-y-grisiau  near  Festiniog  should  probably  be  included.  This  mass 
of  eruptive  material  was  mapped  by  the  Geological  Survey  as  "  intrusive 
syenite."  It  has  been  more  recently  examined  and  described  by  Messi-s. 
Jennings  and  Williams  as  a  granitite.^  These  observers  have  noticed  not 
only  that  it  intrusively  traverses  and  alters  the  Tremadoc  group,  but  that 
its  intrusion  appears  to  have  taken  place  subsequent  to  the  cleavage  which 

*  Mr.  Harker  speaks  of  the  rock  as  a  granophyre. 

-  Messr8.  Cole  and  Jennings,  op.  cii,  p.  435. 

•*  Quart.  Jtyuni.  Geol.  Soc.  vol.  xlvii.  (1891),  p.  879. 
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affects  the  Llandeilo  as  well  as  older  formations.  This  granitic  boss  has 
thus  probably  no  connection  with  the  Arenig  volcanoes,  but  belongs  to  a 
later  period  in  the  volcanic  history  of  the  PrincipaUty. 

The  remarkable  scarcity  of  dykes  in  the  volcanic  districts  of  Wales  has 
been  noticed  by  more  than  one  observer.  Among  the  intrusive  "  green- 
stones "  of  Merionethshire  some  occasionally  assume  the  dyke  form,  and 
through  the  agglomerates  and  tuffs  of  Ehobell  Fawr  dykes  of  olivine-diabase 
have  worked  their  way.  In  the  Festiniog  -district  various  altered  andesitic 
dykes  have  been  noted.  But  there  has  been  no  widespread  Assuring  of  the 
ground  and  uprise  of  lava  in  the  rents,  such  as  may  be  seen  in  the  Archaean 
gneiss,  and  in  the  later  Palaeozoic,  but  still  more  in  the  Tertiary  volcanic 
regions.  This  feature  becomes  all  the  more  notable  when  it  is  viewed  in 
connection  with  the  great  development  of  sills,  and  the  evidence  thereby 
afforded  of  widespread  and  extremely  vigorous  subterranean  volcanic  action. 

In  the  Merionethshire  region  there  certainly  was  a  long  period  of 
quiescence  between  the  close  of  the  Arenig  and  the  beginning  of  the  Bala 
eruptions.  Moreover,  no  evidence  has  yet  been  found  that  active  vents 
ever  again  appeared  in  that  district,  the  subterranean  energy  at  its  next 
outburst  having  broken  out  farther  to  the  east  and  north.  In  Anglesey, 
however,  where,  as  I  shall  point  out,  there  is  proof  of  contemporaneous 
tuffs  among  the  Arenig  rocks,  it  is  possible  that  a  continuous  record  of 
volcanic  action  may  yet  be  traced  from  Arenig  well  onward  into  Bala  time. 


n.    SHROPSIIIKE 

About  3  5  miles  to  the  south  -  east  of  tlie  great  volcanic  range  of 
Merionethshire  a  small  tract  of  Arenig  rocks  rises  from  amidst  younger 
formations,  and  forms  the  picturesque  country  between  Church  Stoke  and 
Pontesbury.  Murchison  in  his  excellent  account  of  this  district  clearly 
recognized  the  presence  of  both  intrusive  and  interstratified  igneous  rocks.^ 
The  ground  has  in  recent  years  been  more  carefully  worked  over  by  Mr. 
G.  H.  Morton  ^  and  Professor  Lapworth.^ 

At  the  top  of  the  Arenig  group  of  this  district  lies  a  zone  of  well- 
stratified  andesitic  tuff  and  breccia  (Stapeley  Ash),  with  frequent  intercala- 
tions of  shales,  and  occasionally  fossiliferous.'*  There  is  thus  satisfactory 
proof  of  contemporaneous  eruptions  at  intervals  during  the  accumulation  of 
the  later  Arenig  sediments.  That  there  were  also  outflows  of  lava  is 
shown  by  the  presence  of  sheets  of  augite-  and  hypersthene-andesite. 
These  volcanic  intercalations  form  marked  ridges,  having  a  general  northerly 
trend.  They  are  folded  over  the  broad  laccolitic  ridge  of  Corndon,  on  the 
east  side  of  which  they  are  thrown  into  a  synclinal  trough,  so  that  succes- 
sive parallel  outcrops  of  them  are  exposed.     According  to  the  mapping  cjf 

^  SUurian  System  (1839),  chap,  xix.;  Silnrin,  4tli  ♦'dit.  (1867),  pp.  26,  49. 
»  Proc.  Liverpool  Oeol.  Soc.  x.  (1854),  p.  62.  "  Urol.  Matj.  (1887),  p.  78. 

*  Prof.  Lapworth  and  Mr.  AV.  \V.  Watts,  /Voc.  Gcol  Jssoc.  xiii.  (1894),  pp.  317,  837. 
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the  GeoWical  Survey  they  are  thickest  towards  the  west,  and  become 
more  split  up  with  intercalated  sediments  as  they  range  eastward. 

Volcanic  eruptions  in  this  Shropshire  region  continued  from  the  Arenig 
into  the  Bala  period.  They  are  marked  among  the  Llandeilo  strata  by 
occasional  tuffs  and  by  two  massive  beds  of  "  volcanic  grit,"  described  by 
Murchison,^  but  they  appear  to  have  been  rather  less  vigorous  in  the 
interval  represented  by  this  subdivision  of  the  Silurian  systeuL  Those  of 
Bala  time  gave  forth  abundant  discharges  of  ash,  of  which  the  lowest 
accumulation,  locally  known  as  the  Hagley  Ash,  consists  of  andesitic 
detritus.  Occasional  layers  of  tuff  are  intercalated  in  the  overlying  Hagley 
Shales,  above  which  comes  an  important  band  called  the  Whittery  Ash, 
"  consisting  of  andesitic  and  rhyolitic  breccias  and  conglomerates,  fine  ashes 
with  curious  sphenilitic  or  pisolitic  structures,  and  bands  of  shale  often 
fossiliferous."  ^  It  is  evident  that  the  eruptions  of  the  Shelve  district  came 
from  indej^endent  vents  in  that  neighbourhood,  and  never  i*eached  the 
importance  of  the  great  volcanoes  of  Arenig  age  in  Montgomeryshire  or  of 
Bala  age  in  Caernarvonshire. 

Numerous  dykes  and  sills  traverse  the  rocks  of  this  district.  They 
consist  cliiefly  of  hyperethene-dolerite.     They  appear  to  belong  to  a  much 

Corndorb 


Fiti.  50. — Station  acro?vs  the  aiiticliue  of  Conidoii.^ 
A.  Aivuiii  flags  and  shales  ;  B.  andesitcs  and  tufTs  ;  C.  iutnisive  dolerit*-. 

later  period  tlian  the  interetratitied  volcanic  series ;  at  least  some  of  them 
are  found  alt4?ring  the  Pentamerus  limestones,  and  these  must  be  later  than 
the  Llandovery  rocks.^  The  most  important  sill  is  that  which  forms 
Corndon,  the  central  igneous  mass  of  the  district.  This  body  of  dolerite 
was  ascertained  by  Mr.  Watts  not  to  be  a  boss  but  a  laceolite,  which 
wedges    out   both   towards   the   north-west   and  south-east,   as  shown  in 

Fig.  50. 

Six  miles  to  the  north  of  the  Shelve  and  Corndon  district  the  Breidden 
Hills  rise  on  the  l>order  of  Shropshire  and  Montgomerj'shire,  and  include  a 
mass  of  volcanic  material  belonging  to  a  distinct  area  of  eruption.  In  the 
ridge  that  extends  for  al)Out  thive  and  a  half  miles  through  Moel-y-golfa 
and  Middletown  Hill  a  synclinal  trough  of  volcanic  rocks  lies  upon  shales, 
which  from  their  fossils  have  been  placed  in  the  Bala  group.  The  volcanic 
series  apjH^ars  to  exceed  1000  feet  in  thickness.  The  lowest  part  of  it  on 
Moel-y-golfa  consists  of  andesitic  lavas  about  400  feet  thick,  foUoweil  by 
tuffs  and  volcanic  conglomerates.     Tlie  lavas  resemble  some  of  the  '^  por- 

>  SifHrian  Sttsf'-m,  \\  229.  "  Messrs.  Lapworth  and  Watts,  op.  <ir,  p.  »1>. 

=*  After  Prof.  Lapworth  and  Mr.  Watt^  oj^.  cit.  p.  842.  *  i^  flCf-  !•.  »?. 
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phyrites  "  of  the  Old  Red  Sandstone,  and  contain  two  forms  of  pyroxene — 
one  rhombic,  probably  enstatite,  and  the  other  monoclinic  augite.  There  are 
likewise  considemble  masses  of  intrusive  rock,  which  are  varieties  of  diabase 
or  dolerite.^ 

iii.    SCOTLAND 

From  the  centre  of  England  we  must  in  imagination  transport  our- 
selves into  the  Southern  Uplands  of  Scotland,  wliere  a  widely  dis- 
tributed series  of  Silurian  volcanic  rocks  has  been  preserved.  It  was,  imtil 
recently,  supposed  that  the  Silurian  system  north  of  the  Tweed  contains  no 
contemporaneously  erupted  volcanic  rocks.  Yet,  as  far  back  as  the  year 
1860,  I  pointed  to  the  abundant  existence  of  volcanic  detritus  in  tliese 
strata  throughout  the  southern  counties  as  a  probable  indication  of  volcanic 
actiNdty  at  the  time  and  in  the  area  within  which  the  strata  were  deposited.^ 
Some  years  later,  when  the  microscope  had  been  introduced  as  an  aid  to 
field-geology,  I  sliced  some  of  the  Silurian  sediments  of  that  region  and 
found  them,  particularly  certain  shales  and  grits  of  Molfatdale,  to  contiiin  a 
large  admixture  of  perfectly  fresh  unworn  felspar  crystals,  which  I  felt 
tolerably  certain  had  been  supplied  by  volcanic  explosions.  As  no  trace, 
however,  had  then  been  detected  of  an  intercalated  volcanic  group  in  any 
part  of  the  Silurian  series  of  the  south  of  Scotland,  I  used  at  that  time  to 
speculate  on  the  possibility  of  the  volcanic  detritus  having  been  wind-borne 
from  the  volcanoes  of  the  Lake  District.  I  had  at  that  time  no  suspicion 
that  its  source  was  rather  to  be  sought  under  my  feet.  The  presence  of 
volcanic  rocks  underneath  the  uplands  of  the  south  of  Scotland  would  have 
been  a  welcome  explanation  of  the  frequent  felspathic  composition  of  many 
of  the  Silurian  grey  wackes  and  shales  of  that  region,  and  particularly  tlie 
abundance  of  andesitic  and  felsitic  fragments  in  them. 

It  had  been  long  known  that  the  Scottish  Silurian  formations,  besides 
having  undergone  extensive  plication,  have  also  been  injected  by  protrusions 
of  igneous  material  of  various  kinds.  The  intrusive  character  of  many  of 
these  is  so  obvious  that  a  similar  (jrigin  was  attributed  even  to  those  bosses 
which  could  not  be  proved  to  be  intrusive.  Kecent  work  of  the  (leological 
Sun-ey,  however,  and  more  especially  the  numerous  and  careful  traverses  of 
my  friend  and  colleague  Mr.  Teach,  have  revealed  the  unlooked-for  and 
important  fact  that  a  large  number  of  these  supposed  intrusions  are  really 
portions  of  a  volcanic  group  brought  up  on  the  crests  of  anticlinal  folds,  and 
laid  bare  by  denudation.  This  group  can  be  traced  for  at  least  100  miles 
from  north-east  to  south-west  over  a  belt  of  country  sometimes  :)0  miles 
broad.  Its  original  limits  cannot  be  ascertained,  but  they  ol)viously  exceeded 
those  within  which  the  rocks  can  now  be  seen.  Nevertheless  the  present 
boundaries  embrace  an  area  of  nearly  2000  square  miles.  This  Pala-ozoic 
volcanic    region   is   thus   one   of  tlie  most   extensive  in  the   British  Isles. 

1  See  Mr.  W.  W.  Watt»»  on  tlie  Ikiu-ouh  and  Associated  Rock.s  of  the  Bieidden  Hills,  Quart. 
Jmim.  fifoL  Soc.  vol.  xli.  (1885),  p.  532. 

'  Trans,  Roy.  Soc.  EiHn,  xxii.  (1860),  p.  63(). 


192  THE  SILURIAN  VOLCANOES  book  iv 


Owing,  however,  to  the  constant  plication  of  the  strata,  and  the  wide  space 
which  the  overlying  sedimentary  deposits  are  thus  made  to  cover,  the 
volcanic  group  only  comes  occasionally  into  view,  and  thus  occupies  but  a 
mere  fraction  of  the  superficial  extent  of  the  region  over  which  its  scattered 
outcrops  appear.  These  exposures,  sometimes  only  a  few  square  yards  in 
extent,  may  always  be  looked  for  where  the  anticlinal  folds  bring  up  a 
sufficiently  low  portion  of  the  Silurian  system ;  they  prove  that  a  vast 
volcanic  floor  underlies  the  visible  Lower  Silurian  grits  and  shales  over  the 
length  and  breadth  of  the  Southern  Uplands  of  Scotland. 

Without  anticipating  details  which  will  properly  appear  in  the  official 
Memoirs  of  the  Geological  Survey,  I  may  briefly  indicate  the  visible  boundaries 
of  the  volcanic  group,  and  refer  to  some  of  the  localities  where  it  may  best  be 
seen.  The  most  easterly  points  where  it  has  been  recognized  by  Mr.  Peach 
stand  on  the  crests  of  some  sharp  anticlinal  folds  near  St.  Mary's  Loch  and 
near  Leadburn  and  Winkstone  in  Peeblesshire.  Farther  westwards  it  appears 
at  many  places  along  the  northern  border  of  the  Silurian  territory,  as  at 
Romanno  Bridge,  Wrae,  Kilbucho,  Culter  Water  and  Abington,  the  length  and 
breadth  of  each  exposure  depending  partly  on  the  breadth  of  the  anticline 
and  partly  on  the  depth  to  which  it  has  been  cut  down  by  denudation. 
Near  Sanquhar  the  volcanic  series  opens  out  for  a  breadth  of  more  than  a 
mile,  and  is  seen  at  intervals  across  the  wild  moorlands  of  Carrick,  until 
from  the  Stinchar  valley  it  widens  out  seaward  and  occupies  much  of  the 
coast-line  of  Ayrshire  between  Girvan  and  the  mouth  of  Loch  Eyan.  It 
probably  rises  again  along  a  fold  near  Portpatrick,  and  it  is  seen  at 
various  points  along  the  southern  borders  of  the  Silurian  uplands,  as  neiir 
Castle-Douglas,  at  Glenkiln,  Bell  Craig  near  Moffat,  and  the  head  of  Ettrick- 
dale. 

The  best  sections  are  those  exposed  along  the  coast  to  the  north  and 
south  of  Ballantrae.  When  that  ground  was  first  examined  by  the  Geo- 
logical Survey,  the  hypothetical  views  in  regard  to  metamorphism  already 
referred  to  were  in  full  ascendant,  and  the  rocks  were  mapped  on  the  same 
general  principles  as  those  which  had  been  followed  in  Wales.  Professor 
Bonney,  however,  a  few  years  later  recognized  the  true  igneous  nature  of 
many  of  the  rocks.  He  found  among  them  porphyrite  lavas  and  agglomer- 
ates which  he  regarded  as  of  Old  Bed  Sandstone  age,  likewise  intrusive 
serpentines  and  gabbros.^ 

The  volcanic  rocks  of  this  wide  district  include  both  lavas  and  their 
pyroclastic  accompaniments,  as  well  as  intrusive  sills  and  bosses  of  various 
materials.  They  have  recently  been  studied  by  Mr.  J.  J.  H.  Teall,  and  full 
descriptions  of  them  by  him  will  appear  in  a  forthcoming  volume  of  the 
Mevioirs  of  the  Geological  Survey.  He  has  ascertained  that  though 
generally  more  or  less  decomposed,  the  lavas  would  be  classed  by  German 
petrogiaphers  as  diabases  and  diabase-porphyrites.  The  former  are  com- 
pact dark-green  non-porphyritic  rocks,  often  containing  numerous  small 
spherical  aniygdales ;  while  the  latter  are  markedly  porphyritic,  enclosing 

^  Quart.  Journ.  Geo/.  Soc.  vol.  xxxiv.  (1878),  p.  769. 
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large  phenocrj'sts  of  more  or  less  altered  plagioclase,  often  measiiring  half 
an  inch  across.  These  two  groups  of  rock  are  connected  by  transitional 
varieties.  They  were  probably,  in  the  first  instance,  composed  of  plagioclaae, 
augite,  iron-ores,  and  a  variable  quantity  of  imperfectly  crystallized  interstitial 
matter. 

Some  of  these  rocks  closely  resemble  in  outward  appearance  the 
andesites  ("  porphyrites ")  of  the  Old  Bed  Sandstone  of  the  district  not 
many  miles   to  the  north,  that  is,  fine  purplish-red  rocks  with  a  compact 


base  through  which  porphyritic  felspars  are  abundantly  scattered.  Occasion- 
ally they  are  markedly  sla^y,  and  show  even  a  ropy  surface,  while  the 
breccias  associated  with  them  contain  blocks  of  similar  slag. 

But  the  most  characteristic  external  feature  of  these  lavas  is  their 
tendency  to  assume  irregularly-elliptical,  sack-like  or  pillow-shaped  forms 
On  a  weathered  face  they  sometimes  look  like  a  pile  of  partially-filled  sacks 
beaped  on  each  other,  the  prominences  of  one  projecting  into  corresponding 
hollows  in  the  next.  The  general  aspect  of  this  structure  is  shown  in  Fig. 
12,  which  represents  a  face  of  rock  about  eight  feet  high  and  six  feet  broad. 
The  rocks  exhibiting  this  peculiarity  ore  usually  finely  amygdaloiclal,  and  it 
may  be  observed  that  the  vesicles  are  grouped  in  lines  parallel  to  the 
outer  surface  of  the  pillow-like  block  in  which  they  occur.     The  diagram  in 

VOL.  I  o 
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Fig,  51  represents  in  ground-plan  a  surface  about  twelve  feet  square  on 
the  shore  immediately  to  the  south  of  the  mouth  of  the  Biver  Stinchar. 
In  the  heart  of  the  spheroids  enclosed  fr^ments  of  other  lavas  are  some- 
times observable. 

This  singular  structure  has  already  (p.  184)  been  referred  to  as 
strikingly  displayed  in  a  rock  at  the  top  of  Cader  Idris.  It  is  found  in 
dark  basic  lavas  probably  of  Areaig  age,  which  will  be  afterwards  referred 
to  as  occurring  along  the  southern  flanks  of  the  Scottish  Highlands  and 
also  in  the  north  of  Ireland.  It  has  been  observed  by  Mr.  Teall  among  the 
rocks  of  the  Lizard,  and  has  been  described  as  occurring  in  Saxony  and 
California.'  In  these  different  localities  it  is  associated  with  jaspers  and 
cherts,  some  of  wliich  contain  abundant  Sadiolaria.  The  same  structure  has 
been  found  among  the  variolitic  diabases  of  Mont  Gen^vre,*  and  likewise  in 
some  modem  lavas,  as  in  that  of  Acicastello  already  referred  to  {p/nie,  p.  26). 

The  volcanic  )^glnmerat«s  and  breccias,  in  the  south-west  of  Ayrshire, 


Fia.  Sa.— View  of  Knockiioliau  Hill 


attain  a  great  development  in  several  centres  probably  at  or  near  the 
original  volcanic  vents.  They  present  several  distinct  petrographical  types. 
The  remarkable  neck -like  hill  of  KnockdoUan  in  the  Stinchar  Valley  is  made 
of  a  coarse  breccia  composed  mainly  of  angular  pieces  of  dull  greyish-green 
fine-grained  diabase.  The  breccias  and  agglomerates  of  Bennane  Head  in 
some  parts  consist  largely  of  broken-up  shales,  flinty  mudstone,  black 
radiolarioii  3int  or  chert,  and  abundant  fragments  of  andesites  and  felsites. 
In  other  parts  the  volcanic  material  predominates,  including  angular  and 
Bubangular  fr^ments  of  vaiious  somewhat  basic  lavas,  lumps  of  vesicular  slag 
and  pieces  of  pumice.  Here  and  there  much  calcite  is  diffused  through 
the  matrix  in  strings,  veins  and  patches,  which  enclose  the  lapilli.  The 
agglomerate  north  of  Lendalfoot  possesses  a  greenish,  somewhat  serpeutinous 
matrix,  through  which  immense  numbers  of  tabular  felspar  crystals  are 
scattered.      Similar  crystals  also  occur  abundantly  in  embedded  blocks  of 

'  Mr.  J.  J.  H.  Teall,  Say.  Geoi.  Soc.   Comwaii,  1894,  p.  3.     Mr.  L.  Ramomc,  Bull,  Dtpart. 
Geo!.  Uniwrsity  of  California,  voL  i.  p.  108. 

"  Mesars.  Cole  and  Gregory,  Quart.  Jourju  Oeol.  Soc.  vol.  ilvi.  (18B0),  p.  311. 
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one  of  the  purplish  diabase-porphyrites,  which  occurs  in  mass  on  the  shore 
and  inland,  and  closely  resembles  the  rock  of  Carnethy  in  the  Old  Bed 
Sandstone  volcanic  series  of  the  Pentland  Hills. 

Yet  another  and  very  distinct  type  of  agglomerate  is  to  be  seen  on  the 
Mains  Hill  south-east  of  Ballantrae.  It  is  a  coarse  rock,  enclosing  blocks 
up  to  a  yard  or  more  in  diameter,  of  a  fine  compact  purplish  porphyrite, 
with  large  crystals  of  plagioclase  and  smaller  ones  of  augite.  In  some 
places  immense  numbei'S  of  the  small  lapilli  in  the  matrix  consist  of  an 
extremely  fine  vesicular  pumice.  Small  perfect  and  larger  broken  crystals 
of  augite  are  likewise  abundant  in  some  of  the  greenish,  more  basic  parts  of 
the  mass.  These  greenish  serpentinous  parts  and  the  numerous  augite 
crystals  point  to  the  explosion  of  some  tolerably  basic  pyroxenic  lava.  A 
similar  dark  green,  almost  black,  rock,  with  augite  crystals,  which  some- 
times measure  a  quarter  of  an  inch  in  diameter,  occurs  near  Sanquhar  in 
Nithsdale.  It  presents  a  close  resemblance  to  the  agglomerate  of  Ehobell 
Fawr,  already  alluded  to.  So  far  as  these  Scottish  agglomerates  have  yet 
been  microscopically  examined,  they  have  been  found  to  be  composed  of 
crystals,  crystal-fragments,  and  lapilli  derived  partly  from  lavas  similar  to 
those  above  described,  and  partly  from  felsitic  and  other  rocks  which  have 
not  yet  been  observed  here  in  the  form  of  lavas. 

The  finer  tuffs  show  likewise  a  considerable  range  of  composition. 
According  to  Mr.  Peach's  observations  along  the  south-eastern  parts  of  the 
volcanic  area,  the  ejected  materials  have  consisted  largely  of  fine  dust 
(probably  in  great  measure  felsitic),  which  towards  the  north-east  is  gradu- 
ally interleaved  with  ordinary  sediment  till  the  ashy  character  disappears. 
As  I  have  already  remarked,  there  is  reason  to  believe  that  the  overlying 
greywackes  and  shales  derived  part  of  their  material  either  directly  from 
volcanic  explosions  or  from  the  attrition  of  banks  of  lavas  and  tuffs  exposed 
to  denudation. 

But  besides  the  interstratified  lavas  and  fragmeutal  rocks  there  occur 
numerous  intrusive  masses  which  are  so  intimately  associated  with  the 
volcanic  series  that  they  may  with  little  hesitation  be  regarded  as  forming 
part  of  it  They  consist  of  various  gabbros  and  serpentmes,  which  are 
especially  developed  where  the  volcanic  series  comes  out  in  greatest  force  in 
the  south-west  of  Ayrshire.  They  also  include  more  acid  intrusions  which, 
as  in  the  case  of  the  rock  of  Byne  Hill,  near  Girvan,  even  assume  the 
characters  of  granite. 

The  dying  out  of  the  volcanic  material  towards  the  north-east  probably 
indicates  that  the  vents  of  the  period  lay  rather  in  the  central  or  south- 
western parts  of  the  district.  Unfortunately,  the  limited  extent  of  the 
exposures  of  the  rocks  makes  it  a  hopeless  task  to  search  for  traces  of  these 
vents  over  by  far  the  largest  part  of  the  area.  There  are  two  localities, 
however,  where  the  search  may  be  made  with  better  prospect  of  success. 
One  of  these  is  a  tract  to  the  north  of  Sanquhar  in  Nithsdale,  which 
still  requires  to  be  studied  in  detail  with  reference  to  the  sequence 
and  structure  of  its  volcanic  rocks.     The  other  area  is  that  south-western 
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part  of  Ayrsliire  which  has  been  already  cited  as  displaying  so  large  a 
development  of  the  volcanic  series.  Here  the  coast -sections  reveal  the 
intercalation  of  fossiliferous  bands  which  show  the  true  stratigraphieal 
horizons  of  the  lavas  and  tuffs.  Under  Bennane  Head,  Professor  Lapworth 
some  years  ago  found,  in  certain  hardened  black  shales,  a  group  of  graptolites 
which  mark  an  undoubted  Arenig  platform.^  Recently  the  ground  has 
been  carefully  re-examined  by  Messrs  Peach  and  Home,  who  have  detected  a 
nimiber  of  other  fossiliferous  zones  which  confirm  and  extend  previous 
observations.  They  have  also  been  able  to  imravel  the  complicated 
structure  of  the  volcanic  series,  and  to  represent  it  on  the  6 -inch  maps  of 
the  Geological  Survey,  of  which  a  reduction  on  the  scale  of  1  inch  to  a 
mile  is  now  in  course  of  preparation.  The  following  tabular  summarj', 
taken  partly  from  notes  made  by  myself  during  a  series  of  traverses  of  the 
ground  with  Mr.  Peach  when  the  revision  was  begun,  and  partly  from 
memoranda  supplied  by  that  geologist  himself,  may  suflBce  as  a  general 
outline  of  the  volcanic  history  of  this  exceedingly  interesting  and  important 
region. 


g     I  Pentamerus  grit. 

08 


Conglomerate  (Mulloch  Hill). 

r Shales,  sandstones,  grits,  etc.  (Ardmillan,  Balcletchie). 
%     I  Thick  conglomerate  (Byne  Hill,  Bennane,  etc). 

'g    \  Thick  fossiliferous  limestone  (Stinchar,  Girvan).     (On  this  horizon  come 
^     I      the  perlitic  felsites  and  soda-felsites  of  Winkstone  and  Wrae,) 

[Sandstone  (Orthis  confinis)  passing  down  into  thick  conglomerate. 

[Unconformability .  ] 

g^^  I  Green  mudstones,  grits  and  grejwackes. 

^  g  I  Thin  band  of  dark  mudstone  with  Upper  Llandeilo  graptolites. 

'§       (^Group  of  Radiolarian  cherts  (about  70  feet)  with  alternating  tuffs. 
*  ^*    Tuff  or  volcanic  conglomerate,  with  occasional  lava-flowa 


Black  shale  (10  feet)  with  Arenig  graptolites. 
Volcanic  breccias  around  local  centres  (Knockdolian,  etc.). 
Thick  group  of  porphyrite  and  diabase  lavas. 
Red  flinty  mudstones  with  Arenig  graptolites. 
Porphyrites,  etc. 

Fine  tuffs,  etc.,  with  Lower  Arenig  fossils. 
^Diabase  lavas,  etc.  (base  not  seen). 


It  will  be  noticed  from  this  table  that  the  bottom  of  the  volcanic  series  is 
not  reached,  so  that  no  estimate  can  be  formed  of  its  full  thickness,  nor 
on  what  geological  platform  it  begins.  Possibly  its  visible  portions  repre- 
sent merely  the  closing  scenes  of  a  long  volcanic  history,  which,  over  the 
area  of  the  south  of  Scotland,  extended  into  Cambrian  time,  Ijke  the  contem- 
porary series  of  Cader  Idris. 

Among  the  lowest  lavas  there  are  interstratified  courses  of  fine  tufls, 

1  Oeol.  May.  1889,  p.  22. 
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flinty  shales  and  thin  Kmestones,  which  sometimes  fill  in  the  hollows 
between  the  pillow-like  blocks  above  referred  to.  Among  the  characteristic 
Lower  Arenig  graptolites  of  these  intercalated  layers  are  Tetragraptus  hryon- 
oidts,  T.  fruti4X>8m,  T,  quadribracMatus,  and  T.  Headi  together  with  Caryocaris 
Wrightii,  Considerable  variation  is  to  be  seen  in  the  development  of  the  upper 
part  of  the  volcanic  series.  In  some  places  the  lavas  ascend  almost  to  the 
top ;  in  others,  thick  masses  of  breccia  or  agglomerate  take  their  place.  These 
fragmentary  materials  are  locally  developed  round  particular  centres,  which 
probably  lie  near  the  sites  of  active  vents  whence  large  quantities  of  pyro- 
clastic  material  were  discharged.  One  of  the  volcanic  centres  must  have 
been  situated  close  to  the  position  of  Knockdolian  Hill  already  referred  to. 
The  exceedingly  coarse  breccia  of  that  eminence  is  rudely  stratified  in 
alternations  of  coarser  and  finer  material,  which  was  probably  to  some  extent 
assorted  under  water  around  the  cinder-cone  that  discharged  it.  The 
date  of  the  explosions  of  this  hill  has  been  ascertained  by  Mr.  Peach  from 
the  intercalation  of  black  shales  containing  Arenig  graptolites  among  the 
breccias.     Another  vent  lay  somewhere  in  the  immediate  neighbourhood  of 
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Fig.  53. — Section  across  the  Lower  Silurian  volcanic  series  in  the  south  of  Ayrshire  (B.  N.  Peach). 

B,  Interttratified  lavas  in  Arenig  group ;  U  tufls  ;  r,  radolarian  cherUt ;  b^,  Llandeilo  group ;  b^,  Caradoc  group. 

2,  Serpentiue.    O,  Oabbro. 

the  Mains  Hill  agglomerate,  if  not  actually  on  part  of  the  site  of  that  rock. 
Though  probably  not  more  than  a  mile  from  the  Knockdolian  volcano,  and 
belonging  to  the  same  epoch  of  eruption,  this  vent,  to  judge  from  the 
peculiarities  of  its  ejected  material,  must  have  been  quite  distinct  in  its 
source.  A  third  vent  lay  somewhere  in  the  immediate  vicinity  of  Bennane 
Head,  and  threw  out  the  extraordinary  masses  of  agglomerate  and  the  sheets 
of  lava  seen  on  the  coast  at  that  locality.  A  fourth  may  be  traced  by  its 
separate  group  of  fine  tuffs  on  the  coast  three  miles  south  of  Ballantrae. 

A  feature  of  singular  interest  in  the  material  erupted  from  these  various 
centres  of  activity  consists  in  the  evidence  that  the  explosions  occurred  at 
intervals  during  the  deposition  of  the  Lower  Silurian  formations,  and  that 
these  formations  were  successively  disrupted  by  submarine  explosions.  Mr. 
Peach  has  found,  for  example,  abundant  pieces  of  the  peculiar  and  easily 
recognized  radiolarian  cherts  imbedded  in  the  volcanic  series.  That  these 
cherts  were  deposited  contemporaneously  with  the  volcanic  eruptions  is 
proved  by  their  intercalation  among  the  breccias.  Yet  among  these  very 
breccias  lie  abundant  fragments  of  chert  which  must  have  already  solidified 
before  disruption!  It  is  thus  evident  that  this  siliceous  ooze  not  only 
accumulated  but  set  into  solid  stone  on  the  sea-floor,  between  periods  of 
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volcanic  outburst,  and  that  Buch  an  occurrence  took  place  several  times  in 
succession  over  the  same  area. 

These  facts  derive  further  interest  from  the  organic  origin  of  the  chert. 
It  is  now  some  years  since  Mr.  Peach  and  his  colleagues  observed  that  between 
the  Glenkiln  Shale  with  its  Upper  Llandeilo  graptolites  and  the  top  of  the 
volcanic  group  in  the  central  part  of  the  Silurian  uplands,  alternations  of 
green,  grey  or  red  shaly  mudstones  and  flinty  greywackes  are  interleaved 
with  fine  tufTs,  and  are  specially  marked  by  the  occurrence  in  them  of 
nodules  and  bands  of  black,  grey  and  reddish  chert.  This  latter  substance,  on 
being  submitted  to  I)r.  Hinde,  was  found  by  him  to  yield  twenty-three  new 
species  of  Radiolaria  belonging  to  twelve  genera,  of  which  half  are  new.  U 
thus  appears  that  during  the  volcanic  activity  there  must  have  been  internals 
of  such  quiescence,  and  such  slow,  tranquil  sedimentation  in  clear,  perhaps 
moderately  deep  water,  that  a  true  radiolarian  ooze  gathered  over  the 
»ea-hottom.' 

That  the  deposition  of  this  ooze  probably  occupied  a  prolonged  lapse  of 
time  seems  clearly  indicated  by  the  evidence  of  the  fossils  that  occur  below 
and  above  the  cherts.  The  graptolites  underneath  indicate  a  horizon  in  the 
Middle  Arenig  group,  those  overlying  the  cherts  are  unmistakably  Upper 
Llandeilo.  Thus  the  great  depth  of  strata  which  elsewhere  constitute  the 
Upper  Arenig  and  Lower  and  Middle  Llandeilo  subdivisions  is  here  repre- 
sented by  only  some  60  or  70  feet  of  radiolarian  cherts.  These  fine 
siliceous,  organic  sediments  probably  accumulated  with  extreme  slowness  in 
a  sea  of  some  depth  and  over  a  part  of  the  sea-floor  which  lay  outside  the 
area  of  the  transport  and  deposit  of  the  land-derived  sediment  of  the  time,' 

As  an  illustration  of  some  of  the  characteristic  features  in  the  succession 
of  deposits  in  the  volcanic  series  of  the  south-west  of  Ayrshire,  the  accom- 
panying section  (Fig.  54)  is  inserted.  In  descending  order  we  come  first  upon 
a  group  of  greywackes  and  grey 
shattery  mudstones  (a),  followed  by 
grey-gieen  and  dark  banded  cherts, 
containing  Eadiolaria  and  much  pli- 
cated,. Next  comes  a  group  of  dark- 
black  and  red  cherts,  with 
partings  and  thin  bands 
of  tuff  and  volcanic  conglomerate  (c). 
The  siliceous  bands  were  certainly 
deposited  during  the  volcanic  erup- 
tions, and  they  are  moulded  round  the  rugose,  sla^y  upper  surfeice  of  the 
band  of  lavas  (rf)  on  wliich  they  directly  lie.  These  lavas  have  the  sack-like 
or  pillow  structure  already  described,  and  they  enclose  lumps  of  chert  con- 
taining Eadiolaria.  A  few  yards  to  the  west  of  the  line  of  section  bands  of 
nodular  tuS"  ore  interposed  between  the  top  of  the  lavas  and  the  overlying 
cherts,  witli  which  also  they  are  interstratified.     These  tuffs  contain  blocks 

'  Ann.  Mag.  Nat.  Hisl.  (1890),  fith  ser.  vi.  p.  iO. 
''  Ann-ual  Heport  of  the  Oiot.  Sun: /or  1895,  p.  27  of  reprint. 
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of  lava  six  inches  or  more  in  diameter.  Below  the  belt  of  lavas  come 
black  cherts  and  shales  (e)  succeeded  below  by  volcanic  breccias  and  tuffs 
(/)  alternating  with  shales  in  thin  inconstant  courses.  These  coarse  detrital 
rocks  are  thoroughly  volcanic  in  origin,  and  they  contain  fragments  of  the 
black  cherts  which  lie  still  lower  in  the  series.  The  whole  depth  of  strata 
represented  in  this  section  does  not  amount  to  much  more  than  100  feet. 

While  in  some  parts  of  the  Ayrshire  district  the  coarse  breccias  that 
accumulated  around  their  parent  vents  form  most  of  the  upper  part  of 
the  volcanic  series,  in  others  the  lavas  are  succeeded  by  fine  tuffs 
which  are  intercalated  among  the  ordinary  sediments,  and  show  a 
gradual  decline  and  cessation  of  volcanic  energy.  South  of  Ballan- 
trae,  for  example,  the  lavas  occupy  more  than  two  miles  of  coast,  in  which 
space  they  display  hardly  any  intercalations  of  sedimentary  material,  though 
they  show  more  or  less  distinctly  that  they  consist  of  many  separate  flows. 
Where  they  at  last  end,  bands  of  nodular  and  fine  tuff  make  their  appear- 
ance, together  with  bands  of  ashy  shale  and  the  characteristic  zone  of  the 
red  radiolarian  cherts  or  flints.  Above  these,  in  conformable  sequence, 
come  bands  of  black  shale,  containing  abundant  Upper  Llandeilo  graptolites, 
overlain  by  greenish  or  olive-coloured  shaly  mudstones,  which  pass  upward 
into  a  thick  overlying  group  of  grey  wackes. 

In  this  section  the  alternation  of  fine  pyroclastic  with  ordinary  sedi- 
ment shows  that  the  volcanic  eruptions  in  the  southern  part  of  the  Ballantrae 
district  came  to  an  end  by  a  slowly-lessening  series  of  explosions.  The 
ashy  material  gradually  dies  out,  and  does  not  reappear  all  through  the 
thick  group  of  sandy  and  muddy  sediments  which  here  overlies  the  volcanic 
series. 

We  thus  learn  from  the  evidence  of  the  Ayrshire  sections  that  volcanic 
action  was  in  full  vigour  in  the  south-west  of  Scotland  during  the  Arenig 
period,  but  gradually  died  out  before  the  end  of  the  Llandeilo  period.  The 
rocks  in  which  this  volcanic  history  is  chronicled  have  been  very  greatly 
disturbed  and  plicated,  so  that  though  from  their  frequently  vertical  position 
they  might  be  thought  to  attain  a  vast  depth,  they  very  possibly  do  not 
exceed  500  feet  in  thickness. 

As  the  volcanic  series  is  followed  north-eastwards  it  exhibits  a  gradual 
diminution  in  extent  and  variety,  but  this  may  be  at  least  partly  due  to  the 
much  less  depth  of  it  exposed  on  the  crests  of  the  narrow  anticlines  that 
bring  it  to  the  surface.  There  is  evidence  in  that  region  that  the  eiiiptions 
did  not  everywhere  terminate  in  the  Llandeilo  period,  but  were  in  some 
districts  prolonged  into  the  age  of  the  Bala  rocks.  Thus  in  the  neighbour- 
hood of  Sanquhar  volcanic  breccias,  tuffs  and  lavas  have  been  found  by 
Messrs.  Peach  and  Home  intercalated  in  strata  apparently  belonging  to 
the  Bala  group.  Again,  in  the  district  of  Hartfell,  a  moderately  coarse 
volcanic  agglomerate  occurs  in  the  heart  of  the  so-called  "  barren  nmd- 
stones "  of  the  Hartfell  black-shale  group,  which,  from  its  graptolites,  is 
placed  on  the  horizon  of  the  Bala  rocks.  At  Winkstone,  Hamilton  Hill, 
and    Wrae   in    Peeblesshire,   perlitic  felsites   and   soda-felsites  have   been 
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detected  by  Messrs.  Peach  and  Home  and  determined  by  Mr.  Teall.  They 
are  associated  with  the  Bala  limestone,  which  in  some  of  its  conglomeratic 
bands  contains  pebbles  of  felsite. 

The  intrusive  rocks  which  accompany  the  Lower  Silurian  volcanic  series 
of  the  south  of  Scotland  are  best  displayed  in  the  south-west  of  Ayrshire, 
between  Girvan  and  Ballantrae,  where  they  appear  to  be  on  the  whole 
later  than  at  least  the  great  mass  of  the  interstratified  lavas  and 
tuffs.  The  most  abundant  rocks  and  the  earliest  to  be  injected  are 
complex  basic  masses  which  include  serpentine,  olivine-enstatite  rock, 
troctolite,  gabbro  and  other  compounds,  all  which  may  be  different  modifica- 
tions of  the  same  original  basic  magma.  They  do  not  show  a  finer  texture 
where  they  respectively  meet,  nor  any  other  sjrmptom  of  having  been  subse- 
quently intruded  into  each  other,  though  they  do  exhibit  such  structures 
along  their  lines  of  contact  with  the  surrounding  rocks,  into  which  they 
are  intrusive.  These  more  basic  masses  have  subsequently  been  invaded  by 
irregular  bosses  and  dyke-like  protrusions,  which,  when  small,  are  fine- 
grained dolerites,  but  when  in  larger  bodies  take  the  form  of  gabbro, 
sometimes  exhibiting  a  mineral  banding  and  foliated  structure  These 
banded  varieties  much  resemble  the  banded  Tertiary  gabbros  of  Skye  and 
some  parts  of  the  Lewisian  gneiss. 

At  the  Byne  Hill,  near  Girvan,  a  large  intrusive  boss  or  ridge  displays 
on  its  outer  margin  a  fine-grained  texture,  where  it  comes  in  contact  with 
the  serpentine.  Further  inwards  it  becomes  a  fine  dolerite,  passing  into  gabbro 
and  increasing  in  coarseness  of  grain  as  well  as  in  acidity  of  composition, 
through  stages  of  what  in  the  field  would  be  called  diorite  and  quartz-diorite, 
into  a  central  granitic  rock,  whereof  milky  or  blue  quartz  forms  the  prominent 
constituent.  The  intrusive  rocks  of  this  district  have  generally  been  injected 
parallel  to  the  stratification-planes,  and  take  on  tlie  whole  the  form  of  sills. 

Some  time  after  the  close  of  the  volcanic  episode  in  the  Silurian  period 
of  the  south  of  Scotland,  the  rocks  were  locally  subjected  to  considerable 
disturbance  and  elevation,  whereby  parts  of  the  volcanic  series  were  exposed 
to  extensive  denudation.  Hence  the  overlying  unconformable  Caradoc 
conglomerates  are  in  some  places  largely  made  up  of  the  detritus  of  the 
volcanic  rocks.  It  is  interesting  to  find  this  evidence  of  waste  during 
the  very  next  stage  of  the  Silurian  period,  for  it  affoixls  good  evidence 
that  the  extensive  sheets  of  intrusive  material  could  not  have  had  any 
large  amount  of  overlying  strata  resting  upon  them  at  the  time  of  their 
injection.  Pieces  of  these  intrusive  rocks,  such  as  the  serpentine,  occur 
abundantly  in  the  Caradoc  conglomerates,  some  of  which  indeed  are 
almost  wholly  composed  of  their  detritus.  Probably  the  total  thickness 
.  of  the  overlying  cover  of  rock  under  which  the  sills  were  injected  did 
not  amount  to  as  much  as  200  or  300  feet.  Yet  we  see  that  among 
the  sills  were  coarse  gabbros  and  granitoid  rocks.  We  may  therefore  infer 
that  for  the  injection  of  such  intrusive  masses,  great  depth  and  enormous 
superincumbent  pressure  are  possibly  not  always  necessary. 
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During  the  progress  of  the  Geological  Survey  along  the  southern  borders 
of  the  Highlands,  a  remarkable  group  of  rocks  has  been  observed,  intervening 
as  a  narrow  inteiTupted  strip  between  the  schistose  masses  to  the  north  and 
the  great  boundary-fault  which  brings  the  Old  Eed  Sandstone  in  vertical 
strata  against  them.  Between  Cortachy  in  Forfarshire  and  Stonehaven  on 
the  east  coast,  these  rocks  have  been  mapped  by  Mr.  G.  Barrow,  who  has 
carefully  worked  out  their  relations.  They  appear  again  between  Callander 
and  Loch  Lomond,  where  their  extent  and  structure  have  been  mapped  by 
Mr.  C.  T.  Clough.  For  the  purpose  of  our  present  inquiry  two  chief 
features  of  interest  are  presented  by  these  rocks.  They  include  a  group 
of  sedimentary  strata  among  which  occur  bands  of  jasper  or  chert  contain- 
ing radiolaria,  and  one  of  their  most  conspicuous  members  is  a  series  of 
volcanic  rocks  consisting  chiefly  of  dolerites  and  basalts,  some  of  which  have 
been  much  crushed  and  cleaved,  but  in  which  vesicular  structures  can  still 
occasionally  be  recognized. 

The  striking  resemblance  of  both  the  aqueous  and  igneous  members  of 
this  marginal  strip  of  rocks  along  the  Highland  border  to  the  Arenig  cherts 
and  their  accompanying  lavas  in  the  south  of  Scotland,  the  remarkable 
association  of  the  same  kinds  of  material  in  the  same  order  of  sequence,  the 
occurrence  of  radiolaria  in  the  siliceous  bands  in  both  regions,  furnish 
strong  presumptive  evidence  that  a  strip  of  Arenig  rocks  has  been  wedged 
in  against  the  Highland  schists. 

In  many  respects,  these  dull  green  diabasic  lavas  of  the  Highland 
border  resemble  those  of  the  Ayrshire  coast.  In  particular,  the  same 
peculiar  sack-like  or  pillow-shaped  masses  are  conspicuous  in  the  Forfar- 
shire ravines.  As  in  Ayrshire,  igneous  materials  underlie  the  cherts 
which  are  doubled  over  and  repeated  by  many  successive  folds.  Un- 
fortunately, it  is  only  a  narrow  strip  of  these  probably  Arenig  lavas  that  has 
been  preserved,  and  no  trace  has  been  detected  of  tuffs,  agglomerates  or 
necks.  If,  however,  we  may  regard  the  rocks  as  truly  of  Arenig  age,  they 
furnish  interesting  additional  proof  of  the  wide  extent  of  the  earliest  Silurian 
volcanoes.  The  distance  between  the  last  Arenig  volcanic  outcrop  in  the 
Southern  uplands  and  the  band  of  similar  lavas  along  the  margin  of  the 
Highlands  is  about  50  miles.  If  the  volcanic  ejections  were  continuous 
across  the  intervening  tract,  the  total  area  over  which  the  lavas  and  tuffs  of 
the  Arenig  volcanoes  were  distributed  must  be  increased  by  at  least  6000 
square  miles  in  Scotland. 

But  it  is  in  the  north  of  Ireland  that  this  northern  extension  of  what 
may  probably  be  regarded  as  an  Arenig  series  of  volcanic  rocks  attains  its 
greatest  development.  Of  this  Irish  prolongation  a  brief  account  is  given 
in  Chapter  xiv.,  where  the  whole  of  the  Silurian  volcanic  rocks  of  the 
island  are  discussed. 


CHAPTER  XIII 

THE  ERUPTIONS  OF  LLANDEILO  AND  BALA  AGE 

i.  The  Builth  Volcano — ii.  The  Volcanoes  of  Pembrokeshire — iii.  The  Caernarvonshire 
Volcanoes  of  the  Bala  Period — iv.  The  Volcanic  District  of  the  Berwyn  Hills — 
V.  The  Volcanoes  of  Anglesey — vi.  The  Volcanoes  of  the  Lake  District ;  Arenig 
to  close  of  Bala  Period — vii.  Upper  Silurian  (?)  volcanoes  of  Gloucestershire. 

The  stratigraphical  subdivisions  of  geology  are  necessarily  more  or  less 
arbitrary.  The  sequence  in  the  sedimentary  deposits  of  one  region  always 
differs  in  some  degree  from  that  of  adjoining  regions.  In  drawing  up  a 
table  of  stratigraphical  equivalents  for  separate  countries,  we  must  be  content 
to  accept  a  general  parallelism,  without  insisting  on  too  close  an  identity 
in  either  the  character  of  the  strata  or  the  grouping  of  their  organic  remains. 
We  need  especially  to  guard  against  the  assumption  that  the  limit  assigned 
to  a  geological  formation  in  any  country  marks  a  chronological  epoch  which 
will  practically  agree  with  that  denoted  by  the  limit  fixed  for  the  same 
formation  in  another  country.  The  desirability  of  caution  in  this  respect  is 
well  shown  by  the  vagueness  of  the  horizons  between  the  several  subdivisions 
of  the  Lower  Silurian  system.  So  long  as  the  areas  of  comparison  are  near 
each  other,  no  great  error  may  perhaps  be  committed  if  their  stratigraphical 
equivalents  are  taken  to  have  been  in  a  broad  geological  sense  contemporary. 
But  in  proportion  as  the  element  of  distance  comes  in,  there  enters  with  it 
the  element  of  uncertainty. 

Even  within  so  limited  a  region  as  the  British  Isles,  this  difficulty  makes 
itself  strongly  felt.  Thus,  in  the  typical  regions  of  Wales,  the  several  sub- 
divisions of  the  Lower  Silurian  strata  are  tolerably  well  marked,  both  by 
lithological  nature  and  by  fossils.  But  as  they  are  followed  into  other  parts 
of  the  country,  they  assume  new  features,  sometimes  increasing  sometimes 
diminishing  in  thickness,  changing  their  sedimentary  character,  and  altering 
the  association  or  range  of  their  organisms.  The  subdivisions  into  which  the 
geologist  groups  them  may  thus  be  vaguely  defined  by  Umits  which,  in 
different  parts  of  the  region,  may  be  far  from  representing  the  same  periods 
of  time. 

Hence,  in  trying  to  ascertain  how  far  the  volcanic  eruptions  of  one  area 
during  the  Silurian  period  may  have  been  contemporaiy  with  those  of  another 
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area,  we  must  be  content  to  allow  a  wide  margin  for  error.  It  is  hardly 
possible  to  adhere  strictly  to  the  stratigraphical  arrangement,  for  the  geo- 
logical record  shows  that  in  the  volcanic  districts  the  sedimentary  formations 
by  which  the  chronology  might  have  been  worked  out  are  not  infrequently 
absent  or  obscure.  It  will  be  more  convenient  to  treat  the  rest  of  the  Lower 
Silurian  formations  as  the  records  of  one  long  and  tolerable  definite  section 
of  geological  time,  without  attempting  in  each  case  to  distinguish  between 
the  eruptions  of  the  successive  included  periods,  so  long  as  the  actual 
volcanic  sequence  is  distinctly  kept  in  view.  I  will  therefore  take  the 
history  of  each  district  in  turn  and  follow  its  changes  from  the  close  of 
the  Arenig  period  to  the  end  of  Upper  Silurian  time.  The  stages  in  the 
volcanic  evolution  of  each  tract  will  thus  be  clearly  seen. 

Above  the  Arenig  group  with  its  voluminous  volcanic  records  comes  the 
gi-eat  group  of  sediments  known  as  the  Llandeilo  formation,  in  which  also 
there  are  proofs  of  contemporaneous  volcanic  activity  over  various  parts  of  the 
sea-floor  within  the  site  of  Britain.  We  have  seen  that  in  the  south  of 
Scotland  the  eruptions  of  Arenig  time  were  probably  continued  into  the 
period  of  the  Llandeilo  rocks,  or  even  still  later  into  that  of  the  Bala  group. 
But  it  is  in  Wales  that  the  history  of  the  Llandeilo  volcanoes  is  most  fully 
preserved.  A  series  of  detached  areas  of  volcanic  rocks,  intercalated  among 
the  Llandeilo  sediments,  may  be  followed  for  nearly  100  miles,  from  the 
northern  end  of  the  Breidden  Hills  in  Montgomeryshire,  by  Shelve,  Builth, 
Llanwrtyd  and  Llangadock,  to  the  mouth  of  the  Taf  river.  But  some  35  miles 
further  west  another  group  of  lavas  and  tufifs  appears  on  the  coast  of  Pembroke- 
shire, from  Abereiddy  Bay  to  beyond  Fishguard.  The  want  of  continuity  in 
these  scattered  outcrops  is  no  doubt  partly  due  to  concealment  by  geological 
structure.  But  from  the  comparative  thinness  of  the  volcanic  accumulations 
and  their  apparent  thinning  out  along  the  strike  it  may  be  inferred  that  no 
large  Llandeilo  volcano  existed  in  Wales.  There  would  rather  seem  to 
have  been  a  long  line  of  minor  vents  which  in  the  south-east  part  of  the 
area  appear  to  have  only  discharged  ashes.  Certainly,  if  we  may  judge 
from  their  visible  relics,  these  eruptions  never  rivalled  the  magnitude  of  the 
discharges  from  the  Arenig  volcanoes  that  preceded,  or  the  Bala  volcanoes 
that  followed  them. 


1.    THE    VOLCANO    OF    BUILTII    AND    ITS    NEIGHBOURS 

So  far  as  the  available  evidence  goes,  the  most  important  volcanic  centre 
down  the  eastern  side  of  Wales  during  the  Llandeilo  period  was  one  which 
lay  not  far  from  the  centre  of  the  long  line  of  vents  just  referred  to.  Its 
visible  remains  form  an  isolated  tract  of  hilly  ground,  some  seven  miles  long, 
and  four  or  five  miles  broad,  immediately  north  from  the  town  of  Builth. 
This  area  is  almost  entirely  surrounded  by  unconformable  Upper  Silurian 
strata,  so  that  its  total  extent  is  not  seen,  and  may  be  much  more  consider- 
able than  the  area  now  laid  bare  by  denudation. 


Tl! 

i.   The   liuiltli  Vol. 
\'i)l«'aii(u*«*  «  ■ 
V.  Tluf  Vm" 
to  rl<»se  oJ   ! 


TlIK    Stl{lti,L;TJl]'l 

;irl)ilrjirv.      Th- 
(lilliu's  in   soiiu 
ljil»l(*  (if  sirati'ji 
lo  ji((c'i>t  a  ,u« 
in  filhcT  I  lit*  • 

lo  a  m.M)loo[ic.! 
will  jn'acticu* 
roniiatinn  in 
well  shown  ' 
of  the  L^A\^ 
each  other, 
eiinivalcnt- 
l>nt  in   ])!• 
the  elenici.' 

Kven  . 
it  sell'  stvn 
ilivisiims 
lithologi' 
III'  the  (•• 
(liniini.^l. 
the  assti 
ueolo"i^ 
diifercir 
of  time. 

Hei 

-HiriiiL' 


AND  BALA  ERUPTIONS— PEMBROKESHIRE       305 
•  ■  rlii*  f,Tnuiid.  and  the  band  of  rock  does  not  appear  to 

IrT.  ii,  (,he  5oiit!i-\veet  a  still  feebler  display  of  intercalated 

■  Koiiis  iu   the    Llandeilo   formation   near  tbe  village   of 

-  i;.iil(?^ical  Survey  luftp  represents  cue  or  more  bands  of 

1'.   iKiirstone.  and  thrown  into  a  Buccession  of  folds.     In 

(Sln-et  III.  Kection  3)  a  baud,  100  to  200  feet  thick, 

mill  lussils  is  shown  among  the  shales,  limestones  and  grits, 

mtr.   of  Rock-specimens  the  same    rock  is  referred  to  as 

tuection  with  specimens  of  it  in  the  Museum,  which  are 

ely  ashy,  but  containing   many  slate  -  fragments   and 

9  together  with  organic  reuiains." 

fr-four    miles    still   further    in   the   same    south-westerly 

1  of  "  ash  '■  are  shown  upon  the  Sur\-ey  map,  near  the 

t  Taf.     No  descriijtion  of  these  rocks  is  given.* 

t  ii.   THE   VOLCANOES   OF  PEMBEtOKESUlRE 

tern  Pembrokeshire,  the  observations  of  Murchison,  De  la 

fay  showed  the  e.xistence  of  an  imiMrtaut  volcanic  district, 

pieous  bauds  are  iiiterstratified  among  the  Lower  Silurian 

I  extending  from  St.  David's  Head  for  tliirty  miles   to 

.  the  maps  of  the  Geological  Survey,  lavas,  tuffs,  sills 

I  discriminated,  but   no  description    of   tliese   rocks  was 

)  the  publication  of  the  Survey  map  very  little  has   yet 

r  information  on  the  subject. 

:  to  have  been   nt  least  three  princiiwd  groups  of  vents. 

ated  by  the  hands  of  "  felspatliic  trap  "  winch  have  been 

ding  from  near  St.  Lawrence  for  fourteen  miles  to  the  east. 

B  iiave  existed  in  the  neighbourhood  of  Fishguard.     A  third  is 

t  lain  between  Abereiddy  Bay  and  Muthry,  by  the  abundant 

i  and  tuff  and  intrusive  sills  there  to  be  seen. 

B  areas  the  only  one  which  has  yet  been  examined  and  described 

lail  is  that  of  Fishguard,  of  which  an  account  has  recently  been 

by   Mr.    Cowper   Keud.'      This   observer    has    shown    that    the 

J  there  during  the  tk'position  of  the  Lower  Llandeilo  rocks, 

inued  intermittently  iutu  the  Bala  period.     The  earliest  consisted 

I  and  tuffe  intercalated  between  Lower  Llandeilo  black  slates  con- 

rsferred  to  liy  De  la  Beolic  ilevi.  Geol.  Suju.  vol.  i.  p.  31,  &nd  by  Ramsajr 
triplim  Catalogue  of  ICock-npeeimiriia  ia  the  Sliaeum  of  FraHUnl  Utotinjy,  3rd   c<lit. 
St  no  apocinunE  rrom  it  are  in  tbe  coUeution.  '  li^  at.  p.  38. 

(  of  Ihc  [atoLo*  was  shown  by  J.  PliLlliiw  in  Bari^nlal  Sfciiva,  Slicot  III.  Section  fl, 
ii"  Sdspatbio  t»p,"  near  which  the  abates  are  bloaclicd.  The  nutii,  howevpr,  woa  aubacquvntly 
titd,  ao  aa  to  make  the  igoeoua  rocks  pyroclastic. 

•  Sm  SUurian  Si/>Um,   p.   401  ;    Sheft  10  of  the  Geological  Survey  Map  ;  Memoir  of  A.  C. 
Imv,  P'  23'J  rtttq.  :  De  la  Beche,  Trai'-t.  UroL  See.  2nd  serieB,  tuL  ii.  part  i.  (1826),  p.  S. 
'   "        (.  Amto.  Geol,  &)t.  vol.  Ii.  (1S9S),  j.,  149. 
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taining  Didymograptus  Murchisonif  the  tuffs  themselves  being  sometimes 
fossiliferous.  A  second  great  volcanic  belt,  composed  of  felsitic  lavas, 
breccias  and  tufifs,  lies  at  the  base  of  the  Upper  Llandeilo  strata  and  shows 
the  maximum  of  volcanic  energy.  The  breccias  are  partly  coarse  agglom- 
erates, which  probably  represent,  or  lie  not  far  from,  some  of  the  eruptive 
vents  of  the  time.  A  higher  band  of  lavas  and  breccias  appears  to 
be  referable  to  the  Bala  formation.  The  whole  volcanic  series  is  stated  to 
thin  out  towards  the  south-west,  so  that  the  chief  focus  of  eruption  prob- 
ably lay  somewhere  in  the  neighbourhood  of  Fishguard. 

The  lavas  may  all  be  included  under  the  general  term  felsite.  Their 
specific  gravity  ranges  from  2*60  to  276,  and  their  silica  percentage  from 
68  to  72.  Mr.  Cowper  Eeed  observed  among  them  three  conspicuous  types 
of  structure.  Some  are  characterized  by  a  distinct  arrangement  in  fine 
light  and  dark  bands  which  rapidly  alternate,,  and  are  sometimes  thrown 
into  folds  and  convolutions.  A  second  structure,  observed  only  at  one 
locality,  consists  in  the  development  of  pale  grey  or  wliitish  ovate  nodules, 
about  half  an  inch  in  length,  with  a  clear  quartz-grain  in  their  centre,  or 
else  hollow.  The  third  type  is  shown  by  the  appearance  of  perlitic  structure 
on  the  weathered  surface.^ 

The  tuffs  and  breccias  are  chiefly  developed  at  the  base  and  top  of  each 
volcanic  group.  Some  of  them  contain  highly  vesicular  fragments,  as  well 
as  pieces  of  slate  and  broken  crystals  of  quartz  and  felspar. 

A  characteristic  feature  of  this  volcanic  district  is  the  occurrence  in  it 
of  sills  and  irregularly-intruded  masses  of  "  greenstone."  Under  that  name 
are  comprised  basalts,  dolerites,  andesitic  dolerites  with  tachylitic  modifi- 
cations, as  well  as  diabases  and  gabbros.'^  Some  of  these  rocks  exhibit  a 
variolitic  structure.  As  regards  age,  some  of  the  intrusions  appear  to 
have  taken  place  before  the  tilting,  cleavage  and  faulting  of  the  strata.  They 
have  not  been  noticed  in  the  surrounding  Upper  Silurian  strata,  and  we  may 
perhaps  infer  that  here,  as  at  Builth,  they  are  of  Lower  Silurian  date.  Mr. 
Cowper  Eeed,  however,  is  inclined  to  regard  the  large  Strumble  Head  masses 
as  later  than  the  tilting  and  folding  of  the  rocks.^ 

A  few  miles  to  the  south-west  of  the  Fishguard  district,  on  the  coast  of 
Abereiddy  Bay,  good  sections  have  been  laid  bare  of  the  volcanic  rocks  of 
this  region.  Dr.  Hicks  has  shown  that  the  bands  of  tuff  there  displayed 
are  intercalated  among  the  black  slates  of  the  Lower  Llandeilo  group,  and 
that  there  was  probably  a  renewal  of  volcanic  activity  during  the  deposition 
of  the  upper  group.'*  But  the  volcanic  history  of  this  area  still  remains  to 
be  properly  investigated. 

In  southern  Pembrokeshire  two  conspicuous  bands  of  eruptive  rocks 
have   long  been  known  and  described.     Their  general  characters  and  dis- 

^  Mr.  Cowper  Reed  enters  into  a  detailed  account  of  the  microscopic  structures  and  chemical 
composition  of  these  rocks.  They  have  rather  a  high  percentage  of  alumina,  potash  and  soda, 
and  are  obviously  akin  to  the  keratophyres  of  other  districts. 

^  Mr.  Cowper  Reed,  op.  cit.  p.  180.  '  Op,  cU,  p.  193. 

*  Quart.  Journ,  Geol.  Soc.  xxxL  (1875),  p.  177. 
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tribution  were  sketched  by  De  la  Beche/  and  further  details  were  afterwards 
added  by  Murchison.^  As  traced  by  the  officers  of  tlie  Geological  Survey, 
they  were  represented  as  consisting  of  "  greenstone,"  "  syenite  "  and  "  granite." 
The  more  northerly  band  was  shown  to  run  in  a  nearly  east  and  west  line 
from  Lawrenny  to  the  Stack  Rock,  west  of  Talbenny,  a  distance  of  about 
fourteen  miles.  The  second  band,  placed  a  short  way  farther  south,  stretches 
in  the  same  general  Une,  from  Milford  Haven  at  Dall  Road  into  Skomer 
Island,  a  distance  of  about  seven  miles. 

The  relations  of  these  rocks  to  the  surrounding  formations  and  their 
geological  age  have  been  variously  interpreted.  De  la  Beche  regarded  the 
different  masses  as  intrusive,  and  probably  later  than  even  the  adjoining  Coal- 
measures.^  MurchLson,  on  the  other  hand,  considered  the  bedded  eruptive 
rocks  of  Skomer  Island  to  be  undoubtedly  lavas  contemporaneous  with  the 
strata  among  which  they  are  intercalated.** 

The  rocks  have  been  studied  petrographically  by  various  observers.  Mr. 
Eutley  gave  a  full  description  of  the-  remarkable  nodular  and  banded  felsites 
of  Skomer  Island.^  Mr.  Teall  has  also  noticed  these  rocks,  likewise  "a 
magnificent  series  of  basic  lava-flows  "  in  the  same  island,  and  a  number  of 
"  porphyrites."  The  basic  lavas  seemed  to  him  to  contain  too  much  felspar 
and  too  little  olivine  to  be  regarded  as  perfectly  typical  olivine-basalts,  and 
he  found  them  to  lie  sometimes  in  very  thin  and  highly  vesicular  sheets. 
The  "  porphyrites  "  he  placed  "  on  the  border-line  between  basic  and  inter- 
mediate rocks."  ® 

More  recently  this  southern  district  of  Pembrokesliire  has  been  examined 
by  Messrs.  F.  T.  Howard  and  E.  W.  Small,  who  have  obtained  further 
evidence  of  the  interl)edded  character  of  the  igneous  series.  Below  an 
upper  basalt  they  have  noted  the  occurrence  of  bauds  of  felsitic  con- 
glomerate, sandstone,  shale  and  breccia  lying  upon  and  obviously  derived 
from  a  banded  spherulitic  felsite,  below  which  comes  a  lower  group  of 
basalts.  The  age  of  this  interesting  alteration  of  basic  and  acid  eruptions 
has  not  been  precisely  determined,  but  is  conjectured  to  be  that  of  the 
Bala  or  Llandovery  rocks^^ 

iii.  THE  CAERNARVONSHIRE  VOLCANOES  OF  THE  BALA  PERIOD 

Owing  to  the  effects  partly  of  plication  and  partly  of  denudation,  the 
rocks  of  the  next  volcanic  episode  in  Wales,  that  of  the  Bala  period,  occupy 
a  less  compact  and  defined  area  than  those  of  the  Areiiig  group  in  Meri- 
onethshire. From  the  latter  they  are  separated,  as  we  have  seen,  by  a  con- 
siderable depth  of  strata,®  whence  we  may  infer,  with  the  Geological  Survey, 
that  the  eruptions  of  Arenig,  the  Arans  and  Cader  Idris  were  succeeded  by 
a  long  period  of  repose,  the  Llandeilo  outbreaks  described  in  the  foregoing 

*  Trans.  Gcol.  Soc,  2nd  ser.  vol.  ii.  (1823),  p.  6  et  acq.  ^  Silurian  System,  p.  401  <:t  seq. 
'  Mem.  Oeol.  Survey,  vol.  i.  p.  231.                                   *  Silurian  System,  p.  404. 

*  **The  Felsitic  Lavas  of  Euglaud  and  Wales,"  Mem.  deol.  Survey  (1885),  pp.  16,  18. 

*  BriiisK  Petrography,  pp.  224,  284,  336.      ^  Rep.  BrU.  Assoc.  1893,  p.  766  ;  Gcol.  May.  1896,  y.  481. 
»  Estimated  at  from  6000  to  7000  feet,  Mem.  Oeol.  Surv.  vol.  iii.  2ud  edit.  p.  131. 
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pages  not  having  extended  apparently  into  North  Wales!  When  the  next 
outbreaks  took  place,  the  vents  are  found  to  have  shifted  northwards  into 
Caernarvonshire,  where  they  fixed  themselves  along  a  line  not  much  to  the 
east  of  where  the  Cambrian  porphyries  and  tuffs  now  appear  at  the  surface. 
The  lavas  and  aslies  that  were  thrown  out  from  these  vents  form  the  highest 
and  most  picturesque  mountains  of  North  Wales,  culminating  in  the  noble 
cone  of  Snowdon.  They  stretch  northwards  to  Diganwy,  beyond  Conway, 
and  southwards,  at  least  as  far  as  the  neighbourhood  of  Criccieth.  They 
die  out  north-eastwards  beyond  Bala  Lake,  and  there  can  be  but  little  doubt 
that  they  thin  out  also  eastwards  under  the  Upper  Bala  rocks.  The  lavas 
and  tufls  that  rise  up  on  a  similar  horizon  among  the  Bala  rocks  of  the 
Berwyn  Hills  evidently  came  not  from  the  Snowdonian  vents,  but  from 
another  minor  volcanic  centre  some  miles  to  the  east,  while  still  more 
remote  lay  the  vents  of  the  Breidden  Hills  and  the  sheets  of  andesitic  tuff 
that  probably  spread  from  them  over  the  ground  east  of  Chirbury  (Map  IL). 

The  Caernarvonshire  volcanic  group  extends  from  north  to  south  for 
fully  thirty  miles,  with  an  extreme  breadth  of  about  fifteen  miles ;  while,  if 
we  include  the  rocks  of  the  Lleyn  peninsula,  the  area  will  be  prolonged  some 
twenty  miles  farther  to  the  south-west. 

The  general  stratigraphical  horizon  of  this  volcanic  group  has  been 
well  determined  by  the  careful  mapping  of  Kamsay,  Selwyn  and  Jukes  on 
the  maps  of  the  Geological  Survey.  These  observers  brought  forward 
ample  evidence  to  show  that  the  lavas  and  tuffs  were  erupted  during  the 
deposition  of  the  Bala  strata  of  the  Lower  Silurian  series,  that  the  Bala 
Limestone  is  in  places  full  of  ashy  material,  and  that  this  well-marked  fos- 
siliferous  band  passes  laterally  into  stratified  volcanic  tuffs  containing  the 
same  species  of  fossils.^  But  the  progress  of  stratigraphical  geology,  and 
the  increasing  value  found  to  attach  to  organic  remains  as  marking  even 
minor  stratigraphical  horizons,  give  us  reason  to  believe  that  a  renewed  and 
still  more  detailed  study  of  the  Bala  rocks  of  North  Wales  would  probably 
furnish  data  for  more  precisely  defining  the  platforms  of  successive  eruptions, 
and  would  thus  fill  in  the  details  of  the  broad  sketch  which  Sir  Andrew 
Kamsay  and  his  associates  so  admirably  traced.  Besides  the  Bala  Limestone 
there  may  be  other  lithological  horizons  which,  like  the  Garth  grit  and  the 
pisolitic  iron-ore  of  the  Arenig  group,  might  be  capable  of  being  followed 
among  the  cwms  and  crests  as  well  as  the  opener  valleys  of  Caeman^on- 
shire.  Until  some  such  detailed  mapping  is  accomplished,  we  cannot  safely 
advance  much  beyond  the  point  where  the  stratigraphy  was  left  by  the 
Survey. 

From  the  Survey  maps  and  sections  it  is  not  diflScult  to  follow  the  general 
volcanic  succession,  and  to  perceive  that  the  erupted  materials  must  altogether 
be  several  thousand  feet  in  thickness  from  the  lowest  lavas  in  the  north  to 
the  highest  on  the  crest  of  Snowdon.  In  that  mountain  the  total  mass  of 
volcanic  material  is  set  down  as  3100  feet.  But  this  includes  only  the 
higher  part  of  the  whole  volcanic  group.     Below  it  come  the  lavas  of  Y 

*  Mvm,  Qeol,  Surv,  vol.  iiL  2nd  edit.  pp.  126,  128,  181,  189,  etc. 
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Glyder-Fach,  which,  according  to  the  Survey  measurements,  are  about  1500 
feet  thick,  while  still  lower  lie  the  ancient  couUes  of  Carnedd  Dafydd  and 
those  that  run  north  from  the  vent  of  Y-foel-fras,  which  must  reach  a  united 
thickness  of  many  hundred  feet.  We  can  thus  hardly  put  the  total  depth 
of  volcanic  material  at  a  maximum  of  less  than  6000  to  8000  feet.  The 
pile  is,  of  course,  thickest  round  the  vents  of  discharge,  so  that  no  measure- 
ment, however  carefully  made  at  one  locality,  would  be  found  to  hold  good 
for  more  than  a  short  distance. 

Though  little  is  said  in  the  Survey  Memoir  of  the  vents  from  which  this 
vast  amount  of  volcanic  material  was  erupted,  the  probable  positions  of  a 
number  of  these  orifices  may  be  inferred  from  the  maps.  From  the  shore 
west  of  Conway  a  series  of  remarkable  eminences  may  be  traced  south-west- 
wards for  a  distance  of  nearly  forty  miles  into  the  peninsula  of  Lleyn.  At 
the  northern  extremity  of  this  line  stands  the  prominent  boss  of  Penmaen- 
mawT,  while  southward  beyond  the  large  mass  of  Y-foel-fras,  with  the  smaller 
knobs  west  of  Nant  Francon,  and  the  great  dome  of  Mynydd-mawr,  the 
eye  ranges  as  far  as  the  striking  group  of  ^^^^y-like  cones  that  rise  from  the 
sea  around  Yr  Eifl  and  Nevin.  Some  of  these  hills,  particularly  Y-foel-fras, 
were  recognized  by  the  Survey  as  vents.^  But  the  first  connected  account 
of  them  and  of  their  probable  relation  to  the  volcanic  district  in  which  they 
occur  has  been  given  by  Mr.  Harker  in  his  exceedingly  able  essay  on  "  The 
Bala  Volcanic  Series  of  Caernarvonshire,"  " — the  most  important  contribution 
to  the  volcanic  history  of  Wales  which  has  been  made  since  the  publications 
of  the  Geological  Survey  appeared.  I  shall  refer  to  these  vents  more  specially 
in  the  sequel  I  allude  to  them  here  for  the  purpose  of  sliowing  at  tlie 
outset  the  marvellous  completeness  of  the  volcanic  records  of  Caernarvon- 
shire. So  great  has  been  the  denudation  of  the  region  that  the  pile  of  lavas 
and  tufls  which  accumulated  immediately  around  and  above  these  orifices  has 
been  swept  away.  No  trace  of  any  portion  of  that  pile  has  survived  to  the 
west  of  the  line  of  bosses ;  while  to  the  east,  owing  to  curvature  and  subsequent 
denudation,  the  rocks  have  been  dissected  from  top  to  bottom,  until  almost 
every  phase  of  the  volcanic  activity  is  revealed. 

The  volcanic  products  discharged  from  these  vents  consist  of  a  succession 
of  lava-streams  separated  by  bands  of  slate,  tuff,  conglomerate  and  breccia. 
These  fragmental  intercalations,  which  vary  from  a  few  yards  to  many 
hundred  feet  in  thickness,  are  important  not  only  as  marking  pauses  in  the 
emission  of  lava  or  in  the  activity  of  the  volcanoes,  but  as  affording  a  means 
of  tracing  the  several  lavas  to  their  respective  vents.  Essentially,  however, 
the  volcanic  materials  consist  of  lava-flows,  the  intercalations  of  fragmenttiry 
materials,  though  numerous,  being  comparatively  thin.  The  thickest  accumu- 
lation of  tufis  is  that  forming  much  of  the  upper  part  of  Snowdon.  It  is 
set  down  by  my  predecessor  at  1200  feet  in  thickness,  but  I  should  be 
inclined  to  reduce  this  estimate.  1  shall  have  occasion  to  show  that  the 
summit  and  upper  shoulders  of  Snowdon  are  capped  with  andesites  inter- 

»  Op.  cU,  pp.  137,  220. 

*  This  was  the  Sedgwick  Prize  Essay  for  1888,  and  was  published  in  1889. 
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2IO  THE  SILURIAN  VOLCANOES  book  iv 

stratified  among  the  tuffs.  Sir  Andrew  Eamsay  has  referred  with  justice  to 
the  difficulty  of  always  discriminating  in  the  field  between  the  fine  tuffs  and 
some  of  the  lavas.^  Yet  I  am  compelled  to  admit  that,  if  the  ground  were 
to  be  re-mapped  now,  the  area  represented  as  covered  by  firagmental  rocks 
would  be  considerably  restricted.  Mr.  Harker  is  undoubtedly  correct  when 
he  remarks  that,  taken  "as  a  whole,  the  Bala  volcanic  series  of  Caer- 
narvonshire is  rather  remarkable  for  the  paucity  of  genuine  ashes  and 
agglomerates."^ 

The  lavas  of  the  Bala  volcanic  group,  like  those  of  the  Arenig  series, 
were  mapped  by  the  Survey  as  "  porphyries,"  "  felstones,"  or  "  felspathic 
traps."  They  were  shown  to  be  acid-lavas,  having  often  a  well-developed 
fiow- structure  comparable  with  that  of  obsidian  and  pitclistone,  and  to 
consist  of  successive  sheets  that  were  poured  out  over  the  sea-floor.  Their 
petrography  has  subsequently  been  studied  more  in  detail  by  many  observers, 
among  whom  I  need  only  cite  Professor  Bonney,  Professor  Cole,  Mr.  Eutley, 
Mr.  Teall,  and  Miss  Eaisin ;  the  most  important  recent  additions  to  our 
knowledge  of  this  subject  having  been  made  by  Mr.  Harker  in  the  Essay 
to  which  I  have  just  referred. 

The  great  majority  of  these  lavas  are  thoroughly  acid  rocks,  and  present 
close  analogies  of  composition  and  structure  to  modem  rhyolites,  though  I 
prefer  to  retain  for  them  the  old  name  of  "  felsites."  Their  silica-percentage 
ranges  from  75  to  more  than  80.  To  the  naked  eye  they  are  externally 
pale  greyish,  or  even  white,  but  when  broken  into  below  the  thick  decom- 
posed and  decoloured  crust,  they  are  bluish-grey  to  dark  iron-grey,  or  even 
black.  They  break  with  a  splintery  or  almost  conchoidal  fracture,  and 
show  on  a  fresh  surface  an  exceedingly  fine  -  grained,  tolerably  uniform 
texture,  with  minute  scattered  felspars. 

One  of  their  most  striking  features  is  the  frequency  and  remarkable 
development  of  their  flow-structure.  Not  merely  as  a  microscopic  character, 
but  on  such  a  scale  as  to  be  visible  at  a  little  distance  on  the  face  of  a  clifi' 
or  crag,  this  structure  may  be  followed  for  some  way  along  the  crops  of 
particular  flows.  The  darker  and  lighter  bands  of  devitrification,  with  their 
lenticular  forms,  rude  parallelism  and  twisted  curvature,  have  been  com- 
pared to  the  structure  of  mica  -  schist  and  gneiss.  One  aspect  of  this 
structure,  however,  appears  to  have  escaped  observation,  or,  at  least,  has 
attracted  less  notice  than  it  seems  to  me  to  deserve.  In  many  cases  it  is 
not  difficult  to  detect,  from  the  manner  in  which  the  lenticles  and  strips  of 
the  flow-structure  have  been  curled  over  and  pushed  onward,  what  was  the 
direction  in  which  the  lava  was  moving  while  still  a  viscous  mass.  By 
making  a  sufficient  number  of  observations  of  this  direction,  it  might  in 
some  places  be  possible  to  ascertain  the  quarter  from  which  the  several 
flows  proceeded.  As  an  illustration,  I  would  refer  to  one  of  the  basement- 
felsites  of  Snowdon,  which  forms  a  line  of  picturesque  crags  on  the  slope 
facing  Llanberis.  The  layers  of  variously-devitrified  matter  curl  and  fold 
over  each  other,  and  have  been  rolled  into  balls,  or  have  been  broken  up 

*  Op,  cit.  p.  148.  *  Bala  Volcanic  Hocks,  p.  25. 
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and  enclosed  one  within  the  otlier  (Fig.  65).  The  general  push  indicated 
by  them  pointe  to  a  movement  from  the  westward.  Turning  round  from 
the  cr^s,  and  looking  towards  the  west,  we  see  before  ne  on  the  other  side 
of  the  deep  vale  of  LIjti  C'weUyn,  at  a  distance  of  little  more  than  three 
miles,  the  great  dome-shaped  Mynydd-mawr,  which,  there  is  every  reason  to 
believe,  marks  one  of  the  orifices  of  eruption.  It  might  in  this  way  be 
practicable  to  obtain  information  r^arding  even  some  of  the  vents  that  atill 
lie  deeply  buried  imder  volcanic  or  sedimentary  rocks. 

That  these  felsites  were  poured  forth  in  a  glassy  condition  may  be 
inferred  from  the  occurrence  of  the  minute  perlitic  and  spheruiitic  forms  so 
characteristic  of  the  devitrification  of  once  vitreous  rocks,  Mr.  liutley  was 
the  first  who  called  attention  to  this  interesting  proof  of  the  close  resemblance 
between  Faiseozoic  felsites  and  modern  obsidians,  and  other  observera  have 
since  confirmed  and  extended  his  observations.' 


i*i.(tih 


track  from  Uanberiit  to  the  toji  of  Snowdon. 


Another  remarkable  aspect  of  the  felsites  is  that  nodular  structure  so 
often  to  be  seen  among  them,  and  regarding  the  origin  of  which  so  much 
has  already  been  written.  I  agree  with  I'rofessor  Cole  and  Mr.  Harker  in 
looking  upon  the  "  nodules  "  as  derived  Ironi  original  spherulites  by  a  process 
(rf  alteration,  of  which  almost  every  successive  stage  may  be  traced  until  the 
original  substance  of  the  rock  has  been  converted  into  a  flinty  or  agate-like 
material.  If  this  be  the  true  explanation  of  the  structure,  some  of  the 
oi^^al  lavas  must  have  exhibited  perlitic  and  spheruiitic  forms  on  a 
gigantic  scala  There  can,  I  think,  l}e  little  doubt  that  this  peculiar  structure 
was  very  generally  misunderstood  by  the  earlier  observers,  who  naturally 
looked  upon  it  as  of  clastic  origin,  and  who  therefore  believed  that  large 
beds  of  rock  consisted  of  volcanic  conglomerate,  which  we  should  now  map 
as  nodular  felsite  (pyromeride)." 

'  Quart.  Joum.  Gtol.  Soc.  vol.  xixv.  (1878),  |i.  508. 

'  Another  wiorce  of  error  may  jirobably  be  traicd  in  tlie  ocraaioiial  brerciated  aCruoture  of  the 
laliitei,  which  haa  been  miataken  fur  true  volcauic  breccia,  but  whicli  raxi  be  trwed  diaajipearin); 
iDto  the  lolid  rock,  Somstiinea  thia  atructiire  has  resulted  from  the  breaking  u|>  of  the  lenticlva 
of  flow,  lomBtimM  from  later  cruBbinK- 
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While  by  far  the  larger  porportion  of  the  Caernarvonshire  lavas  con- 
sists of  thoroughly  acid  rocks,  the  oldest  outflows  are  much  less  acid  than 
those  erupted  at  the  height  of  the  volcanic  activity,  when  the  rocks  of  Snowdon 
were  poured  forth.^  But  towards  the  close  of  the  period  there  was  apparently 
a  falling  ofiT  in  the  acidity  of  the  magma,  for  at  the  top  of  the  group  the 
andesitic  lavas  to  which  I  have  already  alluded  are  encountered.  Sir 
Andrew  Eamsay  has  shown  the  existence  of  an  upper  "  felstone "  or  "  fel- 
spathic  porphyry,"  almost  entirely  removed  by  denudation,  but  of  which 
outliers  occur  on  Crib-goch,  Lliwedd,  and  other  crests  around  Snowdon,  and 
likewise  on  Moel  Hebog.^  Mr.  Harker  alludes  to  these  remnants,  and 
speaks  of  them  as  less  acid  than  the  older  lavas,  but  he  gives  no  details  as 
to  their  structure  and  composition.^  In  an  examination  of  Snowdon  I  was 
surprised  to  find  that  the  summit  of  the  mountain,  instead  of  consisting  of 
bedded  ashes  as  hitherto  represented,  is  formed  of  a  group  of  lava-sheets 
having  a  total  thickness  of  perhaps  from  100  to  150  feet  (6  in  Fig.  56). 
The  apex  of  Yr  Wyddfa,  the  peak  of  Snowdon,  consists  of  fossiliferous  Bhale 


z.y^. 
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Fio.  56. — Section  of  Snowdon.* 


1.  Grits  and  slates  ;  2.  Felsite  with  guocl  flow-structure  ;  3.  Volcanic  tuffs  ;  4.  Felsite ;  5.  Tufls  with  sheets  of 
felsite  and  andcsite  ;  6.  Group  of  andesitic  lavas  on  summit  of  Snowdon  ;  7.  Intrusive  "greenstones." 

lying  on  a  dull  grey  rock  that  weathers  with  elongated  vesicles,  somewhat 
like  a  cleaved  amygdaloid,  but  a  good  deal  decomposed.  A  thin  slice  of  this 
latter  rock  shows  under  the  microscope  irregular  grains  and  microlites  of 
felspar,  with  a  few  grains  of  quartz,  the  whole  much  sheared  and  calcified. 
Below  this  bed  comes  a  felsite,  or  devitrified  obsidian,  showing  in  places 
good  spherulitic  structure,  and  followed  by  a  grey  amygdaloid.  The  latter 
is  a  markedly  cellular  rock,  and,  though  rather  decayed,  shows  under  the 
microscope  a  microlitic  felspathic  groundmass,  through  which  granules  of 
magnetite  are  dispersed. 

Underneath  this  upper  group  of  lavas  lie  the  tuflfs  for  which  Snowdon 
has  been  so  long  celebrated.  But,  as  I  have  already  stated,  there  does 
not  appear  to  me  to  be  such  a  continuous  thickness  of  fragmental  material 
as  has  been  supposed.  There  cannot,  I  think,  be  any  doubt  that  not 
only  at  the   top,  but   at   many  horizons   throughout   this  supposed   thick 

*  Mr.  Harker,  o/>.  cU,  p.  127. 

•-^  Mem.  Ucol.  Surv.  vol.  iii.  2nd  edit  pp.  141,  144,  145,  147,  161. 

^  Bala  Volcanic  Series,  pp.  10,  23,  125.  He  refers  also  to  lavas  occupying  a  similar  position 
at  Nant  Gwynant  and  Moel  Hebog  ;  but  he  adds  that  he  had  not  had  an  opportaoity  of  studying 
them. 

*  After  the  Geological  Survey  Section  (Horizont.  Sect.  Sheet  28),  slightly  modified. 
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accumulation  of  tuff,  some  of  the  beds  of  rock  are  really  lava -flows. 
Some  of  these  lavas  have  suffered  considerably  from  the  cleavage  which 
has  affected  the  whole  of  the  rocks  of  the  mountain,  while  the  results 
of  centuries  of  atmospheric  disintegration,  so  active  in  that  high  exposed 
locality,  have  still  further  contributed  to  alter  them.  They  consequently 
present  on  their  weathered  faces  a  resemblance  to  the  pyroclastic  rocks 
among  which  they  lie.  Where,  however,  the  lavas  are  thicker  and  more 
massive,  and  have  resisted  cleavage  better,  some  of  them  appear  as  cellular 
dull  grey  andesites  or  trachytes,  while  a  few  are  felsites.  Many  instructive 
sections  of  such  bands  among  the  true  tuffs  may  be  seen  on  the  eastern 
precipices  of  Snowdon  above  Glas-lyn. 

It  thus  appears  that  the  latest  lavas  which  flowed  from  the  Snowdonian 
vent  were,  on  the  whole,  decidedly  more  basic  than  the  main  body  of  felsites 
that  immediately  preceded  them.  They  occur  also  in  thinner  sheets,  and 
are  far  more  abundantly  accompanied  with  ashes.  At  the  same  time  it  is 
deserving  of  special  notice  that  among  these  leas  acid  outflows  there  are 
intercalated  sheets  of  felsite,  and  that  some  of  these  still  retain  the 
spherulitic  structure  formed  by  the  devitrification  of  an  original  volcanic 
glass. 

Far  to  the  south-west,  in  the  promontory  of  Lleyu,  another  group  of 
volcanic  rocks  exists  which  may  have  been  in  a  general  sense  contem- 
poraneous with  those  of  the  Snowdon  region,  but  which  were  certainly 
erupted  from  independent  vents.  Mr.  Harker  has  described  them  as  quartz- 
less  pyroxene  -  andesites,  sometimes  markedly  cellular,  and  though  tlieir 
geological  relations  are  rather  obscure,  he  regards  them  as  lava-flows  inter- 
bedded  among  strata  of  Bala  age  and  oceuning  below  the  chief  rhyolites  of 
the  district.  If  this  be  their  true  position,  they  indicate  the  outflow  of 
much  less  highly  siliceous  lavas  before  the  eruption  of  the  acid  felsites.  In 
the  Snowdon  area  any  such  intermediate  rocks  wliich  may  have  been 
poured  out  before  the  time  of  the  felsitic  outflows  have  been  buried  under 
these. 

The  tuflEs  of  the  Bala  series  in  Caernarvonshire  have  not  received  the 
same  attention  as  the  lavas.  One  of  the  first  results  of  a  more  careful 
study  of  them  will  probably  be  a  modification  of  the  published  maps  by  a 
reduction  of  the  area  over  which  these  rocks  have  been  represented.  They 
range  from  coarse  volcanic  breccias  to  exceedingly  fine  compacted  volcanic 
dust,  which  cannot  easily  be  distinguished,  either  in  the  field  or  under  the 
microscope,  from  the  finer  crushed  forms  of  felsite.  Among  the  oldest  tuffs 
pieces  of  dark  blue  shale  as  well  as  of  felsite  may  be  recognized,  pointing  to 
the  explosions  by  which  the  vents  were  drilled  through  the  older  Silurian 
sediments  already  deposited  and  consolidated.  Sometimes,  indeed,  they 
recall  the  dark  slate-tuffs  of  Cader  Idris,  like  which  they  are  plentifully 
sprinkled  with  kaolinized  felspar  crystals.  The  beds  of  volcanic  breccia 
intercalated  between  the  lower  felsites  of  Snowdon  include  magnificent 
examples  of  the  accumulation  of  coarse  volcanic  detritus.  The  blocks  of 
various  felsites  in  them  are  often  a  yard  or  more  in  diameter.    Among  the 
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felsite  fragments  smaller  scattered  pieces  of  andesitic  rocks  may  be  found. 
This  mixture  of  more  basic  materials  appears  to  increase  upwards,  the 
highest  ashes  containing  detritus  of  andesitic  lavas  like  those  which  occur 
among  them  as  flows. 

The  tuffs  in  the  upper  part  of  Snowdon  are  well-bedded  deposits  made 
up  partly  of  volcanic  detritus  and  partly  of  ordinary  muddy  sediment.^ 
Layers  of  blue  shale  or  slate  interstratified  among  them  indicate  that  the 
enfeebled  volcanic  activity  marked  by  the  fine  tuflfs  passed  occasionally  into 
a  state  of  quiescence.  As  is  well  known,  numerous  fossils  characteristic  of 
the  Bala  rocks  occur  in  these  tuffs.  The  volcanic  discharges  are  thus 
proved  to  have  been  submarine  and  to  have  occurred  during  Bala  time. 

I  have  already  alluded  to  some  of  the  probable  vents  from  which  the 
lavas  and  tuffs  were  discharged,  and  to  their  position  along  a  line  drawn 
from  Penmaen-mawr  into  the  peninsula  of  Lleyn.  It  will  be  observed  that 
they  lie  outside  the  area  of  the  bedded  volcanic  rocks  and  rise  through 
parts  of  the  Silurian  system  older  than  these  rocks.  The  largest  and  most 
important  of  them  is  unquestionably  that  formed  by  Y-foel-fras  and  its 
neighbouring  heights.  As  mapped  by  the  Geological  Survey,  this  mass  of 
igneous  rock  is  irregularly  elliptical,  measures  about  six  square  miles  in 
area,  and  consists  mainly  of  intrusive  "  felstone-porphyry "  passing  into 
"  hornblendic  greenstone."  "  Mr.  Harker,  however,  has  made  an  important 
correction  of  this  petrography,  by  showing  that  a  large  part  of  the  area 
consists  of  augitic  granophyre,  while  the  so-called  "  greenstone "  is  partly 
diabase  and  partly  andesitic  ashes  and  agglomerates.  He  suggests  that  an 
older  vent  has  here  been  destroyed  by  a  later  and  larger  protrusion  of 
igneous  matter.^  This  high  and  somewhat  inaccessible  tract  of  ground  is 
still  in  need  of  detailed  mapping  and  closer  study,  for  undoubtedly  it  is  the 
most  important  volcanic  vent  now  visible  in  North  Wales.  My  former 
colleague  in  the  Geological  Survey,  Mr.  E.  Greenly,  spent  a  week  upon  it 
some  years  ago,  and  kindly  supplied  me  with  the  following  notes  of  his 
observations  : — "  The  central  and  largest  area  of  the  neck  is  mainly  occupied 
with  diabases  and  andesites,  while  the  ashes  and  agglomerates,  which  are 
intimately  connected  with  them,  seem  to  run  as  a  belt  or  ring  round  them, 
and  to  occur  in  one  or  more  patches  in  the  midst  of  them.  Portions  of 
green  amygdaloid  run  through  the  pyroclastic  masses.  Outside  the  ring  of 
agglomerate  and  ashes  an  interrupted  border  of  felsite  can  be  traced,  which 
may  be  presumed  to  be  older  than  they,  for  a  block  of  it  was  observed  in 
them.  The  granophyre,  on  the  other  hand,  which  is  interposed  between 
the  fragmental  masses  and  the  surrounding  rocks  on  the  western  wall  of  the 
vent,  seems  to  be  of  later  date.  Dykes  or  small  bosses  of  diabase,  like  the 
material  of  the  sills,  pierce  both  the  agglomerates  and  the  rocks  of  the  centre."  * 

'  See  the  interesting  account  of  these  tufts  given  by  Sir  A.  Ramsay,  Mem,  Oeol.  Survey,  vol. 
iii.  2nd  edit.  p.  142.  ^  Mem.  Gcol.  Survey,  vol.  iii.  2nd  edit  pp.  187,  139. 

'  Bala  Volcanic  Series,  pp.  41,  71,  72,  123. 

*  Mr.  Greenly  has  made  a  sketch  map  of  this  interesting  locality.  As  he  has  now  established 
his  home  in  North  Wales,  I  trust  he  may  find  an  opportunity  of  returning  to  Y-foel-fras  and 
completing  his  investigations. 
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No  agglomerate  appears  to  have  been  noticed  by  any  observer  among 
the  other  supposed  vents  along  the  line  that  runs  south-westwards  from 
Penmaen-mawr,  to  the  promontory  of  Lleyn.  These  bosses  are  rudely 
circular  in  ground -plan  and  rise  vertically  out  of  the  Lower  Silurian  or 
Cambrian  strata,  or  partake  more  of  the  nature  of  lenticular  sheets  or 
laccolites  which  have  been  thrust  between  the  planes  of  bedding.  There  is 
usually  an  observable  alteration  of  the  surrounding  rocks  along  the  line  of 
contact. 

The  material  of  these  bosses  is  sometimes  thoroughly  acid,  as  is  the 
granophyre  of  Y-foel-fras,  the  microgranite  of  Mynydd-mawr  with  its 
riebeckite  crystals,  the  augite-graiiite-porphyry  of  Clynog-fawr,  and  the 
granophyric  and  rhyolitic  quartz-porphyries  of  the  Rivals.  In  other  cases 
the  rock  is  of  an  intermediate  grade,  as  in  the  enstatite-diorite  of  Penmaen- 
mawr,  the  pyroxene-andesite  of  Carn  Boduan,  and  the  quartz-augite-syenite 
of  Llanfoglen.^  A  few  bosses  of  still  more  basic  material  occur  in  the  Sarn 
district,  including  hornblende-diabase  and  hornblende-picrite.  Sometimes 
both  the  acid  and  the  more  basic  rocks  are  found  in  the  same  boss,  as  in  the 
large  mass  of  Y-foel-fnls. 

It  must  be  confessed  that  there  is  no  absolute  proof  that  any  of  these 
masses  mark  the  actual  sites  of  eruptive  vents,  except  probably  the  boss  of 
Y-foel-fras.  Some  of  them  may  have  been  intruded  without  establishing 
any  outlet  to  the  surface."  But  that  a  few  of  them  really  represent  orifices 
from  which  the  Bala  volcanic  group  was  erupted  may  be  plausibly  inferred 
from  their  neck-like  form,  from  their  positions  with  reference  to  the  volcanic 
district,  from  the  obvious  thickening  of  the  lavas  and  tuffs  in  the  direction 
of  these  bosses,  and  from  the  petrographical  relation  that  exists  between 
their  component  materials  and  rocks  that  were  discharged  at  the  surface. 
This  last-named  feature  has  been  well  pointed  out  by  Sir.  Harker,  who  has 
established,  by  a  study  of  microscopic  slides,  a  gradation  from  the  grano- 
phyric material  of  the  bosses  into  structures  greatly  resembling  those  of  the 
bedded  felsites,  and  likewise  a  close  similarity  between  the  intermediate 
rocks  of  the  other  bosses  and  the  andesites  which  have  elsewhere  been 
poured  out  at  the  surface.^  But  perhaps  the  most  impressive  evidence 
as  to  the  sites  of  the  chief  centres  of  eruption  is  supplied  by  the  lavas  and 
tuffs  themselves  as  they  thicken  in  certain  directions  and  thin  away  in 
others.  This  feature  of  their  distribution  has  been  well  expressed  in  the 
maps  and  sections  of  the  Survey,  and  has  been  clearly  summarized  by  ilr. 
Marker.'*  The  oldest  lavas  now  visible  lie  at  the  northern  end  of  the 
district,  and  the  vents  from  which  they  proceeded  may,  with  considerable 
probability,  be  placed  somewhere  in  the  tract  which  includes  the  chain 
of  bosses  of  Penmaen-mawr,  Y-foel-fras,  and  Y  Drosgl.  The  chief  centre 
of  eruption  no  doubt  lay  somewhere  in  the    Snowdon    tract,    where  the 

*  The  geological  relations  and  petrographical  characters  of  these  various  rocks  are  given  hy 
Mr.  Harker  in  the  foui-th  and  fifth  sections  of  liis  Essav. 

'  Mr.  Harker  sjjeaks  of  some  of  them  as  laccolites.  •'  Op.  cit,  p]).  57,  72. 

*  See  especially  pp.  9,  120  et  scq.^  and  fig.  6  of  his  Essay. 
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lavas  and  tufifs  attain  their  greatest  thickness,  and  whence  they  thin  away 
in  all  directions.  The  Mynydd-mawr  boss  may  be  presumed  to  have  been 
one  of  the  main  vents.  But  there  were  not  improbably  others,  now 
concealed  under  the  deep  cover  of  their  own  ejections. 

More  diligent  search,  with  a  special  eye  to  the  discovery  of  such  vents, 
might  indeed  be  rewarded,  even  in  the  midst  of  the  volcanic  district  itself. 
To  the  north-east  of  Capel  Curig,  for  example,  there  is  a  prominent  knob  of 
agglomerate,^  which  I  visited  with  Mr.  B.  N.  Peach,  and  which  we  regarded 
as  probably  marking  one  of  the  minor  vents.  The  material  of  this  eminence 
has  a  base  which  by  itself  would  probably  be  regarded  by  the  field-geologist 
as  a  felsite.  But  through  this  compact  matrix  are  dispersed  abundant 
stones  of  all  sizes  up  to  six  inches  or  more  in  diameter.  They  are  mostly 
subangular  or  somewhat  rounded-oflf  at  the  edges,  and  generally  markedly 
cellular.  Among  them  may  be  observed  pieces  of  trachyte,  felsite,  and  a 
rock  that  is  probably  a  devitrified  pitchstone  or  obsidian.  The  vesicles  in 
these  stones  are  sometimes  lined  with  an  acicular  zeolite.  Traces  of  rude 
bedding  can  be  detected,  dipping  at  high  angles.  On  the  north-east  side  of 
the  hill  finer  agglomerate  is  seen  to  alternate  with  ashy  grits  and  grey 
shales,  which,  dipping  E.N.E.  at  20^—30",  pass  under  a  gioup  of  felsites,  one 
at  least  of  which  retains  a  very  fine  perlitic  structure  and  evidently  flowed 
as  a  true  glass.  Some  of  these  lavas  are  full  of  enclosed  pieces  of  various 
flinty  cellular  and  porphyritic  felsites  and  andesites  or  trachytes,  like  the 
stones  which  occur  abundantly  in  the  agglomerate.  The  connection  of  these 
bedded  lavas  and  tufifs  with  the  agglomerate-neck  seems  obvious. 

The  Caernarvonshire  volcanic  area  furnishes  another  admirable  example 
of  the  intrusion  of  basic  sills  as  a  final  phase  of  eruptivity.  These  masses 
have  been  carefully  separated  out  on  the  maps  of  the  Geological  Survey, 
which  present  a  striking  picture  of  their  distribution  and  their  relation  to 
the  other  igneous  rocks.  An  examination  of  the  maps  shows  at  once  that 
the  basic  sheets  tend  to  lie  parallel  with  the  bedding  along  certain  horizons. 
In  the  southern  and  western  portions  of  the  area  they  have  forced  themselves 
among  the  Lower  Silurian  sedimentary  strata  that  underlie  the  Bala  volcanic 
group — a  position  analogous  to  that  taken  by  the  corresponding  sills  of  the 
Arenig  series.  But  they  likewise  invade  the  volcanic  group  itself.  Along 
the  eastern  borders  of  the  district  they  abound,  especially  in  the  higher  parts 
of  the  volcanic  pile,  where  they  have  been  injected  between  the  flows,  and 
have  subsequently  participated  in  the  abundant  plication  of  the  rocks  between 
the  mountains  and  the  line  of  the  Eiver  Conway. 

The  curvatures  into  which  the  rocks  of  the  region  have  been  thrown, 
and  the  consequent  breadth  of  country  over  which  the  volcanic  sheets  can 
now  be  examined,  furnish  a  much  better  field  than  Merionethshire  for  the 
attempt  to  trace  the  probable  centre  or  centres  from  which  the  basic  magma 
of  the  sills  was  protruded.  A  study  of  the  Survey  maps  soon  leads  to  a  con- 
viction that  the  intrusions  were  not  connected,  except  perhaps  to  a  trifling 

*  This  rock  is  referred  to  iu  the  Geological  Surrey  Memoir  as  *  *  a  short  thick  band  of  conglo- 
meratic ash,  which  strikes  northwards  about  half  a  mile  and  then  disappears"  (p.  134). 
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extent,  with  the  great  line  of  western  vents.  It  is  remarkable  that  the  older 
strata  which  emerge  from  under  the  volcanic  group  on  its  western  outcrop  are, 
on  the  whole,  singularly  free  from  sills,  though  some  conspicuous  examples 
are  shown  opposite  to  Mynydd-mawr,  while  a  few  more  occur  further  north 
along  the  same  line.  Their  lenticular  forms,  their  short  outcrops,  and  their 
appearance  on  different  horizons  at  widely  separated  points  seem  to  indicate 
that  the  sills  probably  proceeded  from  many  distinct  subterranean  pipes. 
Their  greater  abundance  along  the  eastern  part  of  the  district  may  be  taken 
to  indicate  that  the  ducts  lay  for  the  most  part  considerably  to  the  eastward 
of  the  line  of  western  vents.  They  may  have  risen  in  minor  funnels,  like 
that  of  Capel  Curig. 

It  is  noteworthy  that  so  abundant  an  extravasation  of  basic  material 
should  have  taken  place  without  the  formation  of  numerous  dykes.  We 
have  here  a  repetition  of  the  phenomena  that  distinguished  the  preceding 
Areuig  volcanic  period  in  Merionethshire,  and  it  will  be  remembered  that 
the  Llandeilo  eruptions  of  Builth  were  likewise  followed  by  the  injection  of 
large  bodies  of  basic  rock.  As  an  enormous  amount  of  igneous  magma  may 
thus  be  impelled  into  the  Earth's  crust  without  the  formation  of  dykes,  it  is 
evident  that  the  conditions  for  the  production  of  sills  must  be  in  some 
important  respects  diiferent  from  those  required  for  dykes. 

No  evidence  has  yet  been  obtained  that  any  one  of  these  sills  established 
a  connection  with  the  surface.  Not  a  trace  can  l)e  found  of  the  outpouring 
of  any  such  basic  lava-streams,  nor  have  fragments  of  such  materials  been 
met  with  in  any  of  the  tufis.  On  the  other  hand,  there  is  abundant  proof 
of  the  usual  contact-metamorphisni.  Though  the  sills  conform  on  the  whole 
to  the  bedding,  they  frequently  break  across  it.  They  swell  into  thick 
irregular  masses,  and  thin  out  rapidly.  In  short,  they  behave  as  true 
intrusive  sheets,  and  not  as  bedded  lavas. 

In  regard  to  their  internal  character,  they  show  the  customary  uniformity 
of  texture  throughout  each  mass.  They  are  mapped  under  the  general 
name  of  "  greenstones  "  by  the  Geological  Survey,  and  are  described  in  the 
Memoir  as  homblendic.^  The  more  precise  modern  methods  of  examination, 
however,  prove  them  to  be  true  diabases,  in  which  the  felspar  has,  as  a  rule, 
consolidated  before  the  augite,  giving  as  a  result  the  various  types  of  diabasic 
structure.^ 

The  date  of  the  intrusion  of  these  basic  sills  can  be  fixed  by  the  same 
process  of  reasoning  as  was  applied  to  those  of  the  Arenig  volcanic  group. 
Their  connection  with  the  other  igneous  rocks  of  Caernarvonshire  is  so 
obvious  that  they  must  be  included  as  part  of  the  volcanic  history  of  the  Bala 
period.  But  they  clearly  belong  to  a  late  stage,  perhaps  the  very  latest 
stage,  of  that  history.  They  probably  could  not  have  been  injected  into  their 
present  positions,  unless  a  considerable  mass  of  rocky  material  had  overlain 
them.  Some  of  them  are  certainly  younger  than  the  tufis  of  Snowdon  and 
Moel  Hebog,  which  belong  to  a  late  part  of  the  volcanic  period.  On  the  other 
hand,  they  had  been  intruded  before  the  curvature  and  compression  of  the 

*  op*  cU,  p.  156.  ^  ^Ir.  Harker,  Baia  Volcanic  Svrus,  p.  83. 
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region,  for  they  share  in  the  foldings  and  cleavage  of  the  rocks  among  which 
they  lie.  The  terrestrial  movements  that  produced  this  disturbance  have 
been  proved  to  have  occurred  after  the  time  when  the  uppermost  Bala  rocks 
were  deposited,  and  before  that  of  the  accumulation  of  the  Upper  Silurian 
formations.^  The  epoch  of  intrusion  is  thus  narrowed  down  to  some  part  of 
the  Upper  Bala  period.  With  this  subterranean  manifestation,  volcanic 
action  in  this  part  of  the  country  finally  died  out. 

iv.    THE   VOLCANIC    CENTRE    OF   THE   BERWYN    HILLS 

Among  the  thick  group  of  sedimentary  formations  which  overlies  the 
great  volcanic  ridge  of  the  Arans  and  Arenig,  and  undulates  eastwards  across 
the  Bala  Valley,  occasional  thin  intercalations  of  tuflf  point  to  the  existence 
of  another  centre  of  volcanic  activity  which  lay  somewhere  in  the  region  of 
the  Berwyn  Hills.  The  structure  of  this  ground,  first  indicated  by  Sedgwick, 
was  investigated  in  detail  by  J.  B.  Jukes  and  his  colleagues,  whose  work 
was  embodied  in  the  Maps,  Sections  and  Slemoirs  of  the  Geological  Survey.' 
The  distinguishing  characteristics  of  the  volcanic  rocks  of  this  district  are 
the  occurrence  of  both  lavas  and  tufifs  as  comparatively  thin  solitary  bands 
in  the  midst  of  the  ordinary  sediments,  and  the  persistence  of  these  bands 
for  a  distance  of  sometimes  more  than  24  miles.  The  position  of  the  vent 
or  vents  from  which  this  extensive  outpouring  of  volcanic  material  took 
place  has  not  been  revealed.  As  the  bands  tend  to  thin  away  eastwards,  it 
may  be  surmised  that  the  chief  focus  of  eruption  lay  rather  towards  the 
west,  perhaps  under  the  trough  of  Upper  Silurian  strata  somewhere  in  the 
neighbourhood  of  Llandderfel.  There  was  probably  another  in  the  Himant 
district 

The  mapping  of  the  officers  of  the  Survey  showed  that  in  the  Berwyn 
Hills  there  are  representatives  of  both  the  great  volcanic  periods  of  North 
Wales.  A  lower  series  of  "  felstones  and  greenstones  "  probably  belongs  to 
the  older  period,  which  began  towards  the  end  of  Cambrian  time  and  lasted 
in  some  districts  even  into  the  time  of  the  Llandeilo  formation.  An  upper 
group  of  tuffs,  lying  among  the  Bala  rocks,  is  evidently  equivalent,  on  the 
whole,  to  the  much  thicker  volcanic  series  of  the  Snowdon  region. 

The  lowest  visible  volcanic  rocks  occur  among  the  hills  to  the  north- 
west of  Llanrhaiadr  yn  Mochnant.  They  are  described  as  consisting  of 
felstone  of  a  pale  greenish -grey  colour  and  compact  texture,  like  those  of 
Arenig,  and  ashes  distinctly  interstratified  with  the  slates.  No  exact 
petrographical  examination  of  these  rocks  has  yet  been  made.  From  the 
account  given  in  the  Survey  Memoir  there  appears  to  be  here  a  group  of 
lavas  and  tuf!'s  intercalated  in  Llandeilo  perhaps  partly  in  Upper  Arenig, 
strata  which  form  the  broken  dome  of  the  lierwyn  anticline.  The  lavas 
are  represented  as  lying  on  four  or  five  platforms,  a  single  band  reaching  a 

^  Mem,  Gcol.  Sur.  vol.  iii.  2nd  edit.  p.  326.     See  also  Mr.  Harker  s  Bala  Vdcanic  Series,  p.  76. 
'^  See  Sheet  74  of  the  one-inch  map  ;  Sheets  32,  35,  37  and  38  of  the  Horizontal  Sections  ;  and 
chapter  xxxi.  of  the  Memoir  on  the  Geology  of  North  Wales. 
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thickness  of  300  feet  and  separated  fi-om  the  next  band  by  sometimes  1000 
or  1500  feet  of  non-voleanic  sediment. 
S  i  These  lower  lavas,  according  to  the  measuremeots 

1^^  of  Jukes,  are  overlain  by  more  than  4000   feet  of 

^^W'  sedimentary  strata  before  the  upper  or  Bala  volcanic 

F^^^  series   is  reached.       Three    successive    "  ash  -  heds " 

■^■^^i^V    ^  constitute  this  upper  series.     Of  these  the  lowest 

rV^^  hand,  about    50   or    60   feet  thick,   was   named   a 

p  \V      "  "  gi-eenstoiie  ash  "  in  contradistinction  to  u,  felstone 

[,*  \  ..  «  itsh,  and  was  not  traceable  for  more  than  a  short 
distance.  Above  it,  after  an  intervening  thickness 
of  several  hundred  feet  of  sedimentary  strata,  comes 
a  second  and  much  more  continuous  band  of  tuff, 
known  as  the  "  Lower  ash-l>ed,"  about  100  feet  thick 
on  the  west  front  of  the  Berwyn  range.  Still  higher, 
after  an  interval  of  about  1500  feet  of  slates,  lies 
the  "  Upper  ash -bed,"  which  on  the  same  line  of 
section  has  a  thickness  of  about  200  feet.  Tliis 
is  the  most  persistent  of  all  the  volcanic  horizons, 
for  it  can  be  followed  continnoitsly  round  the  whole 
range  of  the  lierwyna  until  it  is  overlain  by  the 
Carboniferous  Limestone  near  Selattyn,  a  distance 
of  not  less  than  twenty-four  miles.  The  »ime  liand, 
but  much  more  feebly  developed,  has  Iwen  traced 
through  the  faulted  conntr}'  on  both  sides  of  Bala 
I^ke,  where  it  formed  a  useful  platform  in  the  in- 
vestigation of  the  complicated  geological  structure 
of  that  area.  Along  the  north  side  of  the  Berwyn 
Hills  another  thin  band  of  tiitf  lies  from  150  to 
200  feet  still  higher  up  in  the  series,  and  has  been 
traced  for  a  distance  of  about  twelve  miles.  The 
Itala  limestone  comes  in  about  800  or  1000  feet 
above  the  "  Upper  iish-bed." 

Besides  the  rocks  now  enumei'ated,  the  Survey 
maps  show  the  intercalation  of  four  or  five  sheets 
of  "greenstone,"  which  are  represented  as  following 
witli  marked  regularity  the  strike  of  the  strata. 
Until  these  sheets  have  Ijcen  more  precisely  examined 
it  is  impossible  to  decide  reganling  their  true  petro- 
graphical  cimrncter,  or  to  determine  whether  they 
are  sills,  or  interstratifie*!  lavas,  or  include  rocks  of 
both  these  types. 


a  s, 


^  V.   TlIE   Y0I.fAX0E3    OF    AXIJLKSEY 

We  DOW  turn  to  another  part  of  the  country,  alxiut  which  nmeh  has 
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been  written  and  keen  controversy  has  arisen.  In  the  centre  of  Anglesey, 
among  the  rocks  grouped  together  by  the  Geological  Survey  as  "  altered 
Cambrian,"  there  occur  masses  of  breccia,  the  probable  volcanic  origin 
of  which  was,  so  far  as  I  know,  first  suggested  by  Professor  Hughes.^  Dr. 
Callaway  regards  them  as  pre -Cambrian,^  while  Professor  Blake  places 
them  in  his  "  Monian  system."  ^  When  I  went  over  them  some  years  ago, 
I  accepted  the  view  that  they  are  volcanic  agglomerates.*  Subsequent 
examination,  however,  has  convinced  me  that  notwithstanding  their  remark- 
able resemblance  to  true  agglomerates  they  are  not  really  of  volcanic  origin, 
but  are  essentially  '*  crush-conglomerates,"  like  those  in  "the  Isle  of  Man,  so 
well  described  by  Mr.  Lamplugh.^ 

But  though  their  present  coarse,  agglomerate-like  structure  is,  I  think, 
entirely  due  to  the  mechanical  crushing  of  the  rocks  in  situ  and  not  to 
volcanic  explosions,  it  does  not  follow  that  the  rocks  which  have  been 
broken  up  do  not  contain  evidence  of  volcanic  action  contemporaneous  with 
their  original  formation.  Obviously,  pyroclastic  materials  may  be  subjected 
to  deformation  and  disruption  as  well  as  any  other  components  of  the  earth's 
crust,  and  may  be  equally  converted  into  crush-conglomerates.  And  in 
Anglesey  it  can,  I  think,  be  shown  that  some  of  the  rocks  which  have  been 
broken  up  were  originally  tuffs  and  volcanic  breccias. 

Throughout  Anglesey  the  stratified  rocks  present  evidence  of  having 
undergone  very  great  compression,  deformation  and  rupture.  Thus  at 
Llanerchymedd  thick-bedded  Lower  Silurian  grits,  with  their  intercalations 
of  shale,  have  been  broken  up  by  numerous  small  faults,  and  have  been 
pushed  over  each  other  in  large  irregular  blocks,  the  shales  being  now 
pinched  out,  and  now  pressed  up  into  the  interstices  between  the  dislocated 
harder  and  more  resisting  grits.  This  condition  of  rupture  may  be  regarded 
as  one  of  the  stages  towards  the  formation  of  a  conglomerate  by  the  crush- 
ing together  of  rocks  in  situ,  A  few  miles  further  south  at  the  beginning 
of  the  railway  cuttings  of  Llangefni,  green,  red  and  purple  slates  and  grits 
appear  in  a  rather  more  crushed  state,  and  immediately  beyond  these  strata 
come  the  coarse  breccias.  Neither  in  their  composition  nor  in  their 
structural  condition  do  these  Llangefni  strata  appear  to  be  marked  off  from 
the  undoubted  Lower  Silurian  rocks  as  parts  of  a  different  system. 

The  railway  cuttings  at  Llangefni  reveal  a  series  of  rocks  wliich  appear 
to  have  been  originally  shales,  with  thin  bands  of  siliceous  grit.  The 
argillaceous  portions  of  this  series  are  now  green  and  phyllitic,  and  remind 
one  of  the  finer  parts  of  some  basic  tuffs  among  the  older  Palaeozoic  systems. 
They  include,  however,  pale  flinty  bands,  such  as  might  have  been  derived 
from  fine  felsitic  dust.  The  grits  are  for  the  most  part  fine-grained  and 
highly  siliceous,  but  they  include  also  coarser  varieties  with  clear  quartz- 
grains.     The  enormous  deformation  which  these  strata  have  undergone  is 

1  PnK.  Canih.  Phil.  SW.  vol.  iii.  (1880),  p.  347. 
^  Quart.  Jottm.  (kol.  Soc.  *  Op.  cU. 

*  Prcsid4!ntial  Address  (hoL  Soc.  vol.  xlvii.  (1891),  p.  130. 
*  Quart.  Jmrn.  Ucd.  tioc.  vol.  li.  (1895),  p.  563.     See  (kol,  M(ig.  1896,  p.  481. 
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at  once  apparent.  They  seem  to  have  been  plicated,  ruptured  and  thrust 
over  each  other,  the  harder  parts  surviving  longest,  but  being  eventually 
broken  into  small  fragments.  Every  stage  may  be  traced  from  a  recogniz- 
able band  of  grit  down  to  the  rounded  or  elliptical  pebbles  of  the  same 
material  entirely  isolated  in  this  phyllitic  matrix  of  crushed  shale. 

But  while  the  volcanic  origin  of  these  coarsely -f ragmen  tal  masses 
cannot  be  maintained,  there  is  elsewhere  evidence  that  the  older  Palteozoic 
rocks  of  Anglesey  include  relics  of  contemporaneous  volcanic  eruptions. 
Seven  miles  to  the  south-east  of  Holyhejid,  in  the  baail  Lower  Silurian 
conglomerates  which,  as  before  referred  to,  Mr.  Selwyn  found  lying  un- 
conformably  on  the  green  schists,  there  occur  abundant  fragments  of 
volcanic  rocks,  besides  the  prevalent  detritus  of  the  schists  of  the  neighbour- 
hood. Some  of  the  bands  have  somewhat  the  character  of  volcanic 
breccias  or  tuflfs,  and  they  show  an  evident  resemblance  to  portions  of  the 
Bangor  group  and  the  rocks  of  Llyn  Padarn,  though  they  are  doubtless  of 
much  later  age.  That  these  volcanic  fragments  were  not  derived  from  the 
waste  of  rocks  of  a  much  earlier  period  is  made  tolerably  certain  by  the 
intercalation  of  true  tuffs  among  the  black  shales  higher  up  in  the  order 
of  succession.  Here,  then,  we  have  evidence  of  contemporaneous  volcanic 
action  in  the  very  basement  Lower  Silurian  strata  of  Anglesey,  which  by 
their  fossil  contents  are  shown  to  be  on  the  horizon  of  the  lowest  Arenig 
or  even  Tremadoc  gi'oup. 

But  still  further  and  fuller  evidence  of  Silurian  volcanism  is  to 
be  obtained  by  .an  examination  of  the  northern  coast-line.  I  have  already 
referred  to  the  elliptical  fault  which  is  marked  on  the  Geological  Survey 
map  as  running  from  the  north-western  headland  to  the  eastern  coast  beyond 
Amlwch.  The  necessity  for  inserting  this  fault,  apart  from  any  actual 
visible  trace  of  its  occurrence,  arose  when  the  conclusion  was  arrived  at 
that  the  rocks  of  the  extreme  north  of  Anglesey  were  essentially  altered 
Cambrian  strata.^  For  immediately  to  the  south  of  these  rocks  black 
shales,  obviously  Silurian,  were  seen  to  dip  to  the  north — a  structure  which 
could  only  be  accounted  for  by  a  dislocation  letting  them  down  into  that 
position.  The  same  necessity  for  a  fault  has  of  course  been  felt  by  all 
writers  who  have  subsequently  treated  the  northern  area  as  pre-Cambriau. 
But  it  is  deserving  of  notice  that  in  the  original  mapping  of  the  Survey  no 
continuous  abrupt  hiatus  is  shown  by  the  line  which  was  afterwards  marked 
as  a  continuous  line  of  fault.  On  the  contrary,  on  one  of  the  field-maps 
in,  I  l>elieve,  Mr.  Selwyn's  handwriting  the  remark  occurs : — "  Tlie  gradual 
passage  from  the  black  shale  to  the  upper  green  gritty  slates  of  LlanfechcU 
is  best  seen  at  Bothedd,  on  road  from  Llanfaethlu  to  Llyn-Uygeirian." '" 

It  is  no  part  of  my  aim  to  disprove  the  existence  of  faults  along  the  line 

*  I  hav6  fuUy  considered  the  evidence  adduced  by  Dr.  Callaway  and  Professor  Blake,  and 
liave  examined  the  ground,  and  can  come  to  no  other  conclusion  than  that  stated  in  the  text. 
But  see  Mr.  Blake's  remarks,  (koL  Mag,  1891,  p.  483. 

'  There  is  no  continuous  section  now  visible  at  this  place,  but  the  two  groups  of  rock  can  be 
tnoed  to  within  a  few  feet  of  each  other,  both  inclined  as  usual  in  the  same  direction,  and  the 
black  shales  appearing  to  pass  under  the  others. 
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referred  to.  These  may  quite  well  exist ;  but  there  is  assuredly  no  one 
gigantic  displacement,  such  as  the  theory  I  am  combating  would  require; 
while  any  faults  which  do  occur  cannot  be  greatly  dififerent  from  the  others 
of  the  district,  and  do  not  prevent  the  true  relations  of  the  rocks  from  being 
discoverable. 

Where  the  supposed  elliptical  fault  reaches  the  shore  at  Carmel  Point, 
the  two  groups  of  rock  seem  to  me  to  follow  each  other  in  unbroken 
sequence.^  The  black  slates,  which  are  admittedly  Lower  Silurian,  dip 
underneath  a  breccia  and  greenish  (Amlwch)  slates.  Not  only  so,  but 
bands  of  similar  black  slates  occur  higher  up,  interstratified  with  and 
shading-off  into  tuffs  and  greenish  slates.  Further,  bands  of  coarse  vol- 
canic breccia  occur  among  the  black  slates  south  of  the  supposed  break. 
These,  in  accordance  with  the  exigencies  of  theory,  are  represented  as 
separated  by  a  network  of  faults  from  the  black  slates  amid  which  they  he. 
But  good  evidence  may  be  found  that  they  are  truly  interbedded  in  these 
slates.  In  short,  the  whole  of  the  rocks  in  that  part  of  Anglesey  form  one 
great  series,  consisting  partly  of  black  slates,  partly  of  greenish  slates,  with 
abundant  intercalations  of  volcanic  detritus.  The  age  of  the  base  of  this 
series  is  moreover  determined  by  the  occurrence  of  Bala  fossils  in  a  band  of 
limestone  near  Carmel  Point. 

The  rocks  which  extend  eastward  along  the  coast  from  the  north-western 
headland  of  Anglesey  are  marked  on  the  Survey  map  as  "  green,  grey  and 
purple  slates  with  conglomeratic  and  siliceous  beds."  The  truly  volcanic 
nature  of  a  considerable  proportion  of  these  strata  has  been  clearly  stated 
by  Mr.  Blake.-  As  they  dip  in  a  general  northerly  direction,  higher  portions 
of  the  series  present  themselves  as  far  as  the  most  northern  projection  of  the 
island  near  Porth  Wen  (Fig.  58).  They  have  been  greatly  crumpled  and 
crushed,  so  that  the  slates  pass  into  phyllites.  They  include  some  thick 
seams  of  blue  limestone  and  white  quartzite,  also  courses  of  black  shale  con- 
taining Lower  Silurian  graptolites.  Among  their  uppermost  strata  several 
(probably  Bala)  fossils,  including  Orthis  Bailyanay  have  been  obtained  by 
Professor  Hughes.  It  has  been  supposed  that  the  higher  bands  of  black 
shale  may  also  have  been  brought  into  their  present  positions  by  faults,  and 
that  they  do  not  really  belong  to  the  series  of  stmta  among  which  they  lie. 
But  this  suggestion  is  completely  disproved  by  the  coast -sections,  which 
exhibit  manv  thin  interstratified  leaves  of  black  shale,  sometimes  less  than 
an  inch  thick.  These  and  the  ashy  layers  containing  the  Orthis  and  other 
fossils  form  an  integral  part  of  the  so-called  "  Amlwch  slates."  ^ 

As  evidence  of  the  regular  intercalation  of  the  black  shales  and  tuflfs  in 
this  sedimentary  series,  a  portion  of  the  coast  section  at  Porth  Wen  is  here 

^  I  cannot  admit  that  there  is  any  evidence  of  a  thrust-plane  here.  To  insert  one  is  merely  to 
modify  field-evidence  to  suit  theory.     See  Gcd.  ^fag,  1891,  p.  483. 

2  Quart.  Journ.  Gcol.  Soc.  vol.  xliv.  (1888),  p.  517.  See  his  further  remarks  in  Geol,  Afag. 
1891,  p.  483. 

'  The  Amlwch  slates  exhibit  on  a  great  scale  the  puckering  that  points  to  intense  compression. 
This  ** gnarled"  structure,  as  Prof.  Hughes  called  it,  has  been  illustrated  by  Mr.  Harker,  British 
Assoc,  Jleport  (1885),  pp.  839,  840. 
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given  (Fig.  58).  The  lowest  member  (1)  of  the  series  is  a  white  quartz- 
ite  much  jumbled  in  its  bedding,  but  yet  distinctly  interstratified  with  the 
other  sediments,  and  containing  intercalated  courses  of  green  tuflf  and  highly 
carbonaceous  shale.  Markings  like  worm-pipes  arc  here  and  there  to  be 
seen.  The  next  group  of  stmta  (2)  consists  of  black  shale  followed  by  yellow 
conglomeratic  sandstone  and  pebbly  tuffs.  The  shales  enclose  rounded  and 
angular  fragments  of  quartzite.  The  sandstone  passes  upward  into  pinkish 
and  yellowish  conglomerate  (3),  with  an  abundant  lustrous  phyllitic  matrix, 
which  when  free  from  pebbles  closely  resembles  some  of  the  tufis  of  Llyn 
Padarn.  The  next  band  (4)  is  one  of  yellow,  sandy,  felspathic  grit, 
quartz-conglomerate  and  fine  tufls,  with  leaves  of  dark  shale  towards  the 
base.  It  was  in  the  lower  part  of  this  band  that  the  Orthis  above  men- 
tioned was  found.  The  black  shales  contain  markings  which  are  probably 
graptolites.  Eeddish  quartzite  and  quartz-conglomerate  (5)  next  succeed. 
These  strata  have  the  same  phyllitic  base  just  noticed.  The  highest  group 
here  shown  is  one  of  black,  yellow  and  green  shales  mixed  with  patches 
and  bands  of  volcanic  breccia  and  tuff,  the  whole  being  greatly  disturbed, 
cleavage  and  bedding  seeming  as  it  w^re  to  be  struggling  for  the  mastery. 


f  2  3  ^  5  G 

Fio.  58. — Section  of  the  strata  on  the  shore  at  Forth  Wen,  west  of  Amlwch. 

These  last  strata  look  as  if  they  were  about  to  pass  up  vertically  into  the 
ordinary  dark  I-X)wer  Silurian  shales  or  slates. 

There  can  be  no  doubt  regarding  the  serious  amount  of  crushing  which 
the  rocks  of  this  coast-line  have  undergone.  Some  of  the  bands  might  even 
be  described  as  "crush-conglomerates."  Yet  the  intercalation  of  seams  of 
black  shale  and  limestone,  and  the  occurrence  of  the  exactly  similar  but 
thicker  group  of  black  shales  at  Forth  Prydd,  which  are  admitted  to  be 
Lower  Silurian,  unite  the  whole  series  of  strata  as  parts  of  one  formation. 

It  thus  appears  that  the  area  coloured  "  altered  Cambrian "  on  the 
Survey  map,  and  regarded  as  pre-Cambrian  by  some  later  observers,  is 
proved  by  the  evidence  of  fossils  at  its  base,  towards  its  centre  and  at  its 
top,  to  belong  to  the  Lower  Silurian  series,  probably  to  the  Bala  division. 
That  this  was  the  geological  horizon  of  part  at  least  of  the  area  was 
recognized  by  Sir  A.  Pamsay,  though  he  confessed  himself  unable  "  precisely 
to  determine  on  the  north  coast  of  Anglesey  how  much  of  the  strata  are  of 
Silurian  and  how  much  of  Cambrian  age."  ^  Professor  Hughes  was  the  first 
to  suggest  that  the  whole  of  these  rocks  should  be  referred  to  the  Bala 
group.*^ 

I  have  dwelt  on  the  determination  of  the  true  geological  age  of  tlie  rocks 

^  Mem,  Geol.  Surv.  vol.  iii.  2nd  edit.  ]>.  24*2. 
»  Proe,  Camh.  Phil,  Soc.  vol.  iii.  (1880),  pp.  341-348. 
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of  the  north  of  Anglesey  because  of  the  diversity  of  opioiou  respecting 
them,  and  because  of  their  great  interest  in  regard  to  the  history  of 
volcanic  action  in  Walea  These  rocks  contain  a  record  of  volcanic 
eniptions,  probably  contemporaneous  on  the  whole  with  those  of  the  Bala 
period  in  Caernarvonshire,  yet  independent 
of  them  and  belonging  to  a  different  type 
of  volcanic  energy.  Some  of  the  vents 
probably  lay  in  the  nortli-western  part  of 
Anglesey.  The  materials  ejected  from 
them  were,  so  far  as  we  know,  entirely  of 
a  fragmentary  kind.  Vast  quantities  of 
detritus,  largely  in  the  form  of  tine  dust, 
were  thrown  out ;  but  no  trace  has  yet 
been  found  of  the  outflow  of  any  lava. 
The  lower  part  of  this  volcanic  series  con- 
sists of  bedded  breccias  which  are  some- 
times remarkably  coarse.  Their  included 
Pia.  58.— Section  of  uitercdated  black  nhale  9 tODCS,  ranging  up  to  SIX  inches  or  more 

angular,  and  consist  mainly  of  various  fel- 
sites.  Layers  of  more  rounded  pebbles  occasionally  oc«ur,  while  the  bedding 
is  still  further  indicated  by  liner  and  coarser  bands,  and  even  by  intercala- 
tions of  fine  tuffs  and  ashy  shales.  Towards  their  upper  limits  some  of 
these  volcanic  bands  shade  off  into  pale 
grey  or  greenish  ashy  shale,  followed  by 
black  sandy  shale  of  the  usual  kind.  The 
relation  of  the  peculiar  greenish  shale  of 
the  Amlwch  type  to  these  tuffs  and 
breccias  is  well  shown  east  of  Carmel 
Point,  lliis  shale  is  interleaved  with  * 
tuff  and  contains  frequent  repetitions  of 
finer  or  coarser  volcanic  breccia,  as  well 
as  occasional  seams  of  black  shale.  An 
illustration  of  this  structure  is  given  in 
Fig.  59,  where  some  yellow  decomposing 
breccias  (1),  cut  by  a  fault  (/),  are  over- 
lain by  about  40  or  50  feet  of  black  shale  g 
(2),  above  which  hea  a  iiinty  felsitic  rock 
(3)  that  appears  to  run  in  bands  or  dykes 
through  the  agglomerate.  At  Carmel 
Point  (Fig.  60)  a  similar  structure 
may  be  observed  to  that  at  Llyn  Padam 

already  referred  to  (p.  163).  The  cleavage,  which  is  well  developed  in  the 
green  slates  («),  is  much  more  faintly  marked  in  the  overlying  breccia  (J), 
but  the  bedding  can  still  be  detected  in  both  rocks  running  parallel  to 
their  mutual   boundary  -  line.     Beyond  Porth  Padrig,  which  lies  east  from 
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Carmel  I'oint,  the  section  may  be  seen  which  is  shown  in  I'ig.  61.  Here 
the  blue  or  lead -coloured  shale  or  slate  (a)  marked  as  Silurian  on  the 
Geolt^cal  Survey  map  passes  up  into  a  mass  of  fine  yellowish  felsitic  tuff 
and  breccia  (6),  The  abale  at  the  junction  intercalates  in  thin  leaves  with 
the  tuff. 

The  breccias  south  of  Carmel  Point,  though  tliey  ure  chiefly  made  up 
of  felsitic  detritus,  sometimes  show  a  preponderance  of  fragments  of  shale. 
They  vary  also  rapidly  in  texture  and  composition.  These  variations  may 
iodicate  that  the  vent  or  vents  from  which  their  material.'^  were  derived 
etood  somewhere  in  the  near  neighbourhood,  if  indeed  they  are  not  to  be 
ree<^iiized  in  some  of  the  boss- like  eminences  that  rise  above  the  shore. 
At  the  same  time,  the  enoimous  amount  of  crushing  and  shearing  which 
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the  rocks  of  this  region  have  uiulergoiiu  has  doubtless  intradiiced  crush- 
conglomerates  into  the  structure  of  the  ground.  And  some  patient  laliOHi' 
inay  be  required  l>efore  the  nature  and  origin  of  the  different  fragmental 
masses  are  determined. 

Certain  remarkably  coarse,  tumult\iou3  breccias,  exjHised  on  tlie  coast  at 
Mynyddwylfa  and  Cemmaes,  were  formerly  regarded  by  nu'  as  volcanic 
afiglomerates.  iiut  more  recent  eNainintition  has  siitisfied  me  that  these, 
like  the  breccias  at  Llangefni,  aie  not  of  volcanic  orij^in  \n\t  are  crush- 
eon^omerates.' 

While  the  lower  breccias  are  sometimes  toleralily  coai-se,  tlie  volcanic 
detritus  becomes  much  finer  in  the  higher  piirta  of  the  Amlwch  slates.  Above 
the  limestones  and  black  shales  of  Cemmaes  vo]e;inic  breccias  and  ashes, 
with  limestone,  qnartzite,  conglomenite  and  thin  seams  of  black  sliale,  con- 
tinue to  the  extreme  northern  headlands.  The  amount  nf  fine  volcjinic 
detritus  distributed  through  these  strata  in  veiy  gieat.    We  can  clearly  nuike 


'  PrtnidentiBl  A'Ureas,  Qvarl.  .h 
Section  C;  Qrol.  Mng.  1B96,  p.  481. 
VOL.  1 
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out  that  while  ordinal y  sedimentation  was  in  progress,  an  almost  constant 
but  variable  discharge  of  fragmental  materials  took  place  from  the  vents  in 
the  neighbourhood.  Sometimes  a  special  paroxysm  of  explosion  would  give 
rise  to  a  distinct  band  of  breccia  or  of  tuff,  but  even  where,  during  a  time 
of  comparative  quiescence,  the  ordinary  sand  or  mud  predominated,  it  was 
generally  mingled  with  more  or  less  volcanic  dust. 

Some  bands  of  conglomerate  in  this  group  of  strata  deserve  particular 
notice.  The  most  conspicuous  of  these,  already  referred  to  as  seen  at  Porth 
Wen,  is  made  up  of  quartz  and  quartzite  blocks,  embedded  in  a  reddish  matrix 
largely  composed  of  ashy  material,  and  recalling  the  red  spotted  tuflfs  of  Llyu 
Padarn.  The  occurrence  of  strong  conglomerates  near  the  top  of  a  volcanic- 
series  has  been  noted  at  St.  David's,  Llyn  Padarn  and  Bangor.  In  none  of 
these  localities,  as  I  have  tried  to  show,  do  tlie  conglomerates  mark  an 
unconformability  or  serious  break  between  two  widely-separated  groups  of 
rock.  The  Anglesey  section  entirely  supports  this  view,  for  the  conglomerates 
are  there  merely  intercalations  in  a  continuous  sequence  of  deposits;  they 
are  succeeded  bv  tufts  and  shales  like  those  which  underlie  them.  The 
interposition  of  such  coarse  materials,  however,  may  undoubtedly  indicate 
local  disturbance,  connected,  perhaps,  in  this  and  the  other  localities, 
with  terrestrial  readjustments  consequent  upon  the  waning  of  volcjinie 
energy. 

The  detailed  geological  structure  of  Anglesey  is  still  far  from  being  com- 
pletely understood.  Besides  the  serious  crushing  here  referred  to,  thei^  is 
reason  to  susi>ect  that  considerable  plication,  perhaps  even  inversion,  of  the 
strata  has  taken  place,  and  that,  by  denudation,  detached  portions  of  some 
of  the  higher  groups  have  been  left  in  different  parts  of  the  island.  The 
occurrence  of  Ui)per  Silurian  fossils  in  several  loailities  adds  to  the  per- 
plexity of  the  problem  l)y  indicating  that,  among  the  folds  and  hardly  dis- 
tinguishable from  the  older  slates,  portions  of  Upper  Silurian  formations 
may  have  been  caught  and  preserved.  These  difficulties,  moreover,  involve 
in  some  obscurity  the  closing  phases  of  volcanic  activity  in  Wales ;  for  until 
they  are,  to  some  extent  at  least,  removed,  we  shall  l>e  left  in  doubt  whether 
the  vents  in  the  north  of  Anglesey,  which  were  in  eruption  probably  during 
Bala  time,  were  the  last  of  the  long  succession  of  Welsh  volcanoes.  If  the 
black  shales  of  Parys  Mountain  are  really  referable  to  the  horizon  of  the 
Mayhill  Sandstone,  the  two  great  igneous  bands  between  which  they  lie  would 
seem  to  mark  an  outl^reak  of  volcanic  energy  during  Upper  Silurian  time. 
Xo  other  indications,  however,  of  eruptions  of  that  age  having  been  met 
with  in  (Jreat  Britain  (though  they  occur  in  the  south-west  of  Ireland  and 
possibly  in  Gloucestershire),  more  careful  investigation  is  required  l>efore 
such  a  position  can  be  safely  assigned  to  any  rocks  in  Anglesey. 

l*utting  these  douljtful  rocks  aside  for  the  present,  we  may,  in  conclusion, 
contrast  the  type  of  eruption  in  Anglesey  with  that  of  the  great  Snowdonian 
region.  While  the  Caernarvonshire  volcanoes  were  pouring  forth  their 
volumes  of  felsitic  hiva,  and  piling  them  up  for  thousands  of  feet  on  the 
sea-floor,  the  northern  Anglesey  vents,  not  more  than  some  five-and-twenty 
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mQes  away,  threw  out  only  stones  and  dust,  but  continued  their  intermittent 
explosions  until  they  had  strewn  the  sea-bottom  with  detritus  to  a  depth  of 
many  hundred  feet. 

There  is  yet  another  feature  of  interest  in  this  independent  group  of 
submarine  vents  in  Anglesey.  Their  operations  appear  to  have  l)egun 
before  the  earliest  eruptions  of  the  Bala  volcanoes  in  Caernarvonshire.  Their 
first  teginnings  may,  indeed,  have  been  coeval  with  the  explosions  that 
produced  the  older  Arenig  tuffs  of  Merionethshire ;  their  latest  discharges 
were  possibly  the  last  manifestations  of  volcanic  energy  in  Wales.  They 
seem  thus  to  bridge  over  the  vast  interval  from  Tremadoc  to  Upper  Bala, 
possibly  even  to  Upper  Silurian  time.  But  we  may,  perhaps,  connect  them 
with  the  still  earlier  period  of  Cambrian  volcanism.  I  have  referred  to  the 
evidence  which  appeal's  to  show  that  the  vents  whence  the  lavas  and  tuffs  of 
Moel  Trefan  and  Llyn  l^adarn  were  erupted  gi-adually  moved  northwards,  and 
continued  in  eruption  until  after  the  beginning  of  the  deposition  of  the  black 
slates  that  are  generally  regarded  as  Arenig.  The  Anglesey  tuffs  and  breccias 
may  thus  be  looked  upon  as  evidence  of  a  still  furtlier  shifting  of  the  active 
orifices  northward.  In  this  view,  while  the  Aran  and  Cader  Idris  volcanoes 
broke  out  in  Upper  Cambrian  and  continued  through  Arenig  time,  and  the 
Snowdonian  group  was  confined  to  Bala  time,  a  line  of  vents  opened  to  the 
north-west  in  the  Cambrian  period  before  the  epoch  of  the  Llanberis  slates, 
and,  dying  out  in  the  south,  continued  to  luanifest  a  minor  degree  of  energy, 
frequently  discharging  fragmental  materials,  but  no  lava,  over  the  sea- 
bottom,  until,  towards  the  close  of  the  Bala  period,  possibly  even  in  Upper 
Silurian  time,  thev  finallv  became  extinct. 


vi.    THE    VOLCANOES    OF    THE    LAKE    DISTRICT    (AKENIO    TO    CLOSE 

OF    BALA    period) 

From  the  time  of  the  appearance  of  Sedgwick's  classic  letters  to  Words- 
worth, no  volcanic  area  of  Britain  has  probably  been  so  well  known  in  a 
general  sense  to  the  ordinary  travelling  public  as  the  district  of  the  English 
Lakes.  Many  geologists  have  since  then  visited  the  ground,  and  not  a  few 
of  them  have  published  additions  to  our  knowledge  respecting  what  is  now 
known  as  the  Borrowdale  Volcanic  Series.  The  most  elal>orate  and  detailed 
account  of  any  part  of  it  is  that  given  by  the  late  Mr.  J.  C.  Ward  in  the 
Geological  Survey  Menwirs^  wherein  he  embodied  the  results  of  his  minute 
investigation  and  mapping  of  the  northern  portiim  of  the  district.^  Notices 
of  the  petrography  of  some  of  the  more  interesting  rocks  have  subsequently 
been  published  by  Mr.  Itutley,  Professor  Bonney,  Mr.  Harker,  Mr.  Marr, 
Mr.  Hutchings  and  others.  But  up  to  the  present  time  no  complete 
memoir    on    the  volcanic   geology  of   the    Lake   District   as    a  whole    lias 

*  Sheet  101  S.E.  of  the  Geological  Survtiy  ot*  England  and  Wales  and  Explanation  illustrating 
the  same  ;  and  iiajiers  by  him  in  Quart,  Jouiii.  fieoL  S<»c.  vols.  xxxi.  xxxii.  (1875-76).  See  also 
Messrs.  Aveline  and  Hughes,  Mem,  Oeul.  Surveijj  Sheet  98  N.E.  (Kendal,  Sedbergh,  etc.)- 
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appeared.  The  sheets  of  the  Geological  Survey  map  present  a  graphic- 
view  of  the  general  distribution  of  the  rocks,  but  so  rapid  has  the  progress 
of  certain  branches  of  geology  been  since  these  sheets  were  published,  that 
the  map  is  even  now  susceptible  of  considerable  improvement. 

In  estimating  the  area  over  which  the  volcanic  rocks  of  the  Lake 
District  are  spread,  geologists  are  apt  to  consider  only  the  tract  which  lies 
to  the  south  of  Keswick  and  stretches  southw^ard  to  a  line  drawn  from  the 
Duddon  Sands  to  Shap.  But  it  can  easily  be  shown  that  this  area  falls 
far  short  of  the  extent  of  that  wherein  the  rocks  can  still  be  traced,  and 
yet  further  short  of  that  over  which  the  lavas  and  ashes  originally  spread. 
For,  in  the  first  place,  the  volcanic  group  can  be  followed  round  the  eastern 
end  of  the  mountain-group  which  culminates  in  Skiddaw,  and  along  the 
northern  base  of  these  heights  to  Cockermouth,  though  only  a  narrow  fringe 
of  it  emerges  from  underneath  the  Carboniferous  series.  It  is  thus  manifest 
that  the  volcanic  rocks  once  stretched  completely  across  Skiddaw  and  its 
neighbours,  and  that  they  extend  northwards  below  the  Whitehaven  Coal- 
field. But,  in  the  next  place,  far  beyond  these  limits,  volcanic  rocks,  which 
there  can  be  little  doubt  were  originally  continuous  with  those  of  the  Lakes, 
emerge  from  beneath  the  base  of  the  Cross  Fell  escarpment,^  and  still  further 
to  the  east  a  prolongation  of  the  same  group  rises  for  a  brief  space  to  the 
surface  from  under  the  great  limestone  sheets  of  Upper  Teesdale.  l>etweeu 
the  north-western  and  south-eastern  limits  within  which  the  rocks  can  now 
be  seen  there  intervenes  a  distance  of  some  11  miles,  while  the  extreme 
length  of  the  tract  from  south-west  to  north-east  is  about  50  miles.  Even 
if  w^e  take  these  figures  as  marking  the  approximate  boundaries  of  the 
region  covered  by  the  volcanic  ejections,  it  cannot  be  less  than  550  square 
miles.      But  this  is  probably  much  less  than  the  original  area. 

The  thickness  of  the  accumulated  volcanic  materials  is  proportionate  to 
the  large  tract  of  country  over  which  they  have  been  spread.  From 
various  causes,  it  is  difficult  to  arrive  satisfactorily  at  any  precise  statement 
on  this  question.  In  a  volcanic  series  bedding  is  apt  to  be  obscure  where, 
as  in  the  present  case,  there  are  no  interstratified  bands  of  ordinary  sedi- 
mentary strata  to  mark  it  off!  It  tends,  moreover,  to  vary  considei-ably  and 
rapidly  within  short  distances,  not  only  from  subsequent  unequal  move- 
ments of  subsidence  or  elevation,  but  from  the  very  conditions  of  original 
accumulation.  Mr.  Ward  considered  that  the  maxmmm  thickness  of  the 
volcanic  group  of  the  Lake  District  might  be  taken  to  range  from  12,000 
to  15,000  feet.'  Professors  Harkness  and  Nicholson,  on  the  other  hand, 
gave  the  average  thickness  as  not  more  than  5000  feet.^  My  own  impres- 
sion is  that  the  truth  is  to  be  found  somewhere  between  these  two  estimates, 
and  that  the  maximum  thickness  probably  does  not  exceed  8000  or  9000  feet. 
In   any  case   there  cannot,  I   think,  be   much  doubt  that  we  have  here  the 

^  For  an  account  of  the  Cross  Fell  inlier  of  Silurian  rocks  see  the  pa])er  by  Professor  Nicholson 
and  Mr.  Marr,  witli  tlic  i>etrograi)hical  appendix  by  Mr.  Harker.  Quart,  Joum.  Gtol,  Soc,  vol. 
xlvii.  (1891),  pp.  500,  512. 

-  Ward,  ap,  ciU  p.  46.  •*  Brit.  Assoc,  (1870)  Sectional  Reports,  p.  74. 
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thickest  accumulation  of  volcanic  material,  belonging  to  a  single  geological 
period,  anywhere  known  to  exist  in  Britain. 

The  geological  age  of  this  remarkable  volcanic  episode  is  fortunately 
fixed  by  definite  palseontological  horizons  both  below  and  above.  The  base 
of  the  volcanic  group  rests  upon  and  is  interstratified  with  the  upper  part 
of  the  Skiddaw  Slate,^  which  from  the  evidence  of  its  fossils  is  paralleled  with 
the  Arenig  rocks  of  Wales.  The  highest  members  of  the  gi'oup  are  inter- 
stratified with  the  Coniston  Limestone,  which,  from  its  abundant  fauna,  can 
without  hesitation  be  placed  on  the  same  platform  as  the  Bala  Limestone  of 
Wales,  and  is  immediately  followed  by  the  Upper  Silurian  series.  Thus 
the  volcanic  history  comprises  the  geological  interval  that  elapsed  between 
the  later  part  of  the  Arenig  period  and  the  close  of  the  Bala  period.  It 
b^ns  probably  not  so  far  back  as  that  of  the  Arenig  group  of  Merioneth- 
shire, and  its  termination  was  perhaps  coincident  with  the  dying  out  of  the 
Snowdonian  volcanoes.  But  it  contains  no  record  of  a  great  break  or 
interval  of  quiescence  like  that  which  separated  the  Arenig  from  the  Bala 
eruptions  in  Wales. 

The  materials  that  form  this  enormous  volcanic  pile  consist  entirely  of 
lavas  and  ashes.  No  intercalations  of  ordinary  sedimentary  material  have 
been  met  with  in  it,  save  at  the  bottom  and  at  the  top.  The  lower  lavas, 
well  seen  among  the  hills  to  the  south  of  Keswick,  were  shown  by  Mr. 
Ward  to  be  intermediate  between  felsites  and  dolerites  in  regard  to  their 
silica  percentage,  and  he  proposed  for  them  the  name  of  felsi -dolerites.  They 
are  comprised  in  the  group  of  the  andesites  or  "  porphyrites."  From  the 
analyses  published  by  Mr.  Ward,  the  amount  of  silica  appears  to  range  up 
to  about  60  per  cent.'  They  are  usually  close-gmined,  dull  dark-grey  to 
black  rocks,  breaking,  where  fresh,  with  a  splintery  or  conchoidal  fracture, 
showing  a  few  minute  striated  felspars,  apt  to  weather  with  a  pale-brown  or 
yellowish-grey  crust,  and  sometimes  strongly  vesicular  or  aniygdaloidal. 
They  present  many  external  resemblances  to  some  of  the  "  porphyrites  "  or 
altered  andesites  of  the  Lower  Old  Ked  Sandstone  of  Scotland.  A  micro- 
scopic examination  of  specimens  collected  by  Dr.  Hatch  and  myself  from  the 
hills  to  the  south  of  Keswick  showed  the  rocks  to  be  true  andesites,  composed 
of  a  multitude   of  slender   laths  (sometimes   large   porphyritic  crystals)  of 

*  Mr.  Dakyiis  has  expressed  liis  belief  tliat  the  volcanic  group  lies  unconformably  011  the 
Skiddaw  Slate  {GtoL  Mag,  1869,  pp.  56,  116),  and  Professor  Nicholson  has  formed  the  same 
opinion  {rrp.  cit,  pp.  105,  167  ;  Proc.  (kol.  Assitc.  vol.  iii.  p.  106).  Mr.  Goodchild,  however,  has 
shown  that  in  the  6ross  Fell  inlier  the  oldest  tuffs  are  interstratified  with  the  Skiddaw  Slates 
{Proc,  (rcoL  Assoc,  vol.  xi.  (1889),  p.  261).  Mr.  Wai-d  in  mapping?  the  district  inserted  a  complex 
series  of  faults  along  the  junction-line  between  the  volcanic  series  and  the  Skiddaw  Slates.  When 
I  went  over  the  ground  with  him  some  years  Ix'fore  his  death  I  discussed  this  boundary-line  with 
him  and  could  not  adopt  his  view  that  it  was  so  dislocated.  More  recent  re-examination  has  con- 
firmed me  in  my  dissent.  A  large  number  of  the  faults  inserted  on  the  Geological  Survey  map  to 
separate  the  Skiddaw  Slates  from  the  Borrowdale  volcanic  series  cannot  be  proved,  and  probably 
do  not  exist.  Others  may  be  of  the  nature  of  "  thrust-j)lanes."  But  see  Mr.  Ward's  explanation 
of  his  views,  op.  cit.  p.  48. 

*  Quart.  Jatini.  freol.  Soc.  vol.  xxxi.  (1875)  p.  408,  vol.  xxxii.  (1876)  p.  Ii4.  Geology  of 
Northern  Part  of  Lake  District  {Mem.  (iml.  Survey),  p.  22.  In  a  subsequent  paper  the  more  Ijasic 
lavas  of  Eycott  Hill  are  compared  with  dolerites  {Monthly  Microscopical  Journ.  1877,  p.  246). 
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felspar  with  a  brownish  glassy  groundmass,  and  with  some  chloritic  material 
probably  representing  augite,  but  with  no  trace  of  quartz.^ 

Another  type  of  andesite  has  been  found  by  Mr.  Hutchings  to  occur 
abundantly  at  Harter  Fell,  Mardale,  between  the  Nan  Bield  Pass  and  High 
Street,  and  in  the  clififs  on  the  right  side  of  tlie  Kentmere  Valley.  It  con- 
sists of  rocks  mostly  of  a  grey-gieen  or  grey-bhie  colour  with  resinous  lustre 
and  extremely  splintery  fracture.  They  are  augite-andesites  of  a  much  more 
vitreous  nature  than  the  dominant  type  of  lavas  of  the  Lake  District.  Their 
groundmass  under  the  microscope  is  seen  to  have  originally  varied  from  a 
wholly  glassy  base  to  an  intimate  mixture  of  glass  and  exceedingly  minute 
felspar-microlites.  This  groundmass  is  permeated  with  chlorite  in  minute 
llakelets,  and  encloses  numerous  porphyritic  sharply-defined  felspar-crystals, 
together  with  chlorite -pseudomorphs  after  augite."  Gradations  from  these 
rocks  to  the  ordinary  more  coarse-grained  andesites  may  be  observed. 

Some  of  the  andesites  appear  to  have  a  trachytic  facies,  where  the 
felspars  of  the  groundmass  consist  largely  of  untwinned  laths  and  appear  to 
be  mainly  orthoclase.^ 

Among  the  lavas  of  the  Lake  District  there  occur  many  which  are 
decidedly  more  basic  than  the  andesites,  and  which  should  rather  be  classed 
among  the  dolerites  and  basalts,  though  they  do  not  appear  to  contain  oli\dne. 
These  rocks  occur  at  Eycott  Hill,  above  Easedale  Tarn,  Scarf  Gap  Pass,  Dale 
Head,  High  Scawdell,  SeatoUer  Fell  and  other  places.  Analyses  of  those 
from  Eycott  Hill  were  published  by  Mr.  Ward,  and  their  silica  percentage 
was  shown  to  range  from  51  to  oS'S.**  The  microscopic  characters  of  the 
group  have  been  more  recently  determined  by  Mr.  Hutchings  ^  and  Messrs. 
Harker  and  Marr.*^ 

The  andesitic  and  more  basic  lavas  are  particularly  developed  in  the 
lower  and  central  part  of  the  volcanic  group.  •  They  rise  into  ranges  of 
craggy  hills  above  the  Skiddaw  Slates,  and  form,  with  their  accompanying 
tufifs,  the  most  rugged  and  lofty  ground  in  the  Lake  District.  They  extend 
even  to  the  southern  margin  of  the  volcanic  area  at  one  locality  to  the  south- 
west of  Coniston,  where  they  may  be  seen  with  their  characteristic  vesicular 
structure  forming  a  succession  of  distinct  flows  or  beds,  striking  at  the 
Coniston  Limestone  which  lies  upon  them  with  a  decided,  though  probably 
very  local,  unconformability."  One  of  the  flows  from  this  locality  was  found 
by  Dr.  Hatch,  under  the  microscope,  to  belong  to  the  more  basic  series.     It 

^  These  rooks  were  mapped  as  tuffs  by  Mr.  Wanl.  Their  microscojnc  cliaracters  liave  been 
described  by  Messre.  Harker  and  Marr,  Quart.  Journ,  Gcol.  Soc,  xlvii.  (1891),  p.  292  ;  by  Mr. 
Harker,  op.  ell.  p.  517  ;  and  by  Mr.  W.  M.  Hutchings,  Ocol.  Ma(i.  1891,  p.  537  ;  1892,  pp.  227,  540. 

'^  Mr.  Hutchin^^s,  GeoL  Mcuj.  1891,  p.  539.  This  observer  describes  a  quartz-andesite  or  dacite 
from  near  Dunmail  Raise.  ^  f)p,  cit.  p.  543. 

*  Monthly  Microscopkal  Journalj  1877,  p.  246.  '  Oeol,  Mag.  1891,  p.  588. 

«  Qtuirt.  Journ.  Gcol.  Soc.  vol.  xlix.  (1893),  p.  389.     Mr.  Harker,  op.  cit.  vol.  xlvii.  (1891.1 

^  This  unconformability  has  been  descril>ed  and  discussed  by  various  observers.  The  general 
impression  has  been,  I  think,  that  the  break  is  only  of  local  im})ortance.  Mr.  Aveline,  however, 
believed  it  to  be  much  more  serious,  and  he  regarded  the  volcanic  rocks  which  were  ejected  during 
the  deposition  of  the  Coniston  Limestone  series  as  much  later  in  date  than  those  of  the  Borrowdale 
group.     See  Mem.  Gcol.  Su.rv<:y,  Explanation  to  Sheet  98  N.E.  2nd  edit.  p.  8  (1888). 
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approaches  a  basalt,  containing  porphyritie  crystals  of  fresh  augite  instead  of 
the  usual  felspars,  and  showing  a  gi-oundniass  of  felspar  inicrolites  with  some 
granules  of  augite  and  dispersed  magnetite.  This  local  increase  of  basic 
composition  is  interestuig  as  occurring  towards  the  t(.)p  of  the  volcanic  group. 
A  porphyritie  and  somewhat  vesicular  andesite,  with  large  crystals  of  striated 
felspar  in  a  dark  almost  isotropic  gi^oundmass,  occurs  under  the  Coniston 
Limestone  near  Stockdale. 

Mr.  Ward  was  much  impressed  with  the  widespread  metamoiphism  which 
he  believed  all  the  volcanic  rocks  of  this  region  had  undergone,  and  as  a 
consequence  of  which  arose  the  difficulty  he  found  in  discriminating  between 
close-grained  lavas  and  fine  tuffs.  There  is,  of  course,  a  general  induration 
of  the  rocks,  while  cleavage  has  widely,  and  sometimes  very  seriously, 
aftected  them.  Tliere  is  also  local  metamorphism  round  such  l)0sses  as  the 
Shap  granite,  but  the  evidence  of  any  general  and  serious  metamorphism 
of  the  whole  area  does  not  seem  to  me  to  l)e  convincing.^ 

With  regard  to  tlie  original  structure  and  subsequent  alteration  of  some 
of  the  andesitic  lavas,  an  interesting  section  has  recently  been  cut  along  tlie 
road  up  Borrowdale  a  little  south  of  the  Bowder  Stoiu*.  Several  bands  of 
coarse  amygdaloidal  lava  may  there  be  seen  intei'stratified  among  tuffs.  The 
ealcite  amygdales  in  tliese  rocks  are  arranged  parallel  to  the  bedding  and 
therefore  in  the  planes  of  flow,  while  those  lined  with  chlorite  are  more 
usually  deformed  parallel  to  the  direction  of  the  cleavage.  This  difference 
suggests  that  before  the  cleavage  took  place,  not  im])robably  during  the 
volcanic  period,  the  rocks  had  been  traversed  by  heated  water  producing 
internal  alteration  and  rearrangements,  in  virtue  of  which  the  vesicles  along 
certain  paths  of  permciition  were  filled  up  with  ealcite,  so  as  then  to  offer 
some  resistance  to  the  cleavage,  while  those  which  remained  empty,  or  which 
had  been  merely  lined  with  infiltrated  substiince,  were  flattened  and  pulled 
out  of  shape.  Messrs.  Harker  and  Man-  have  shown  that  the  amygdaloidal 
kernels  had  already  been  introduced  into  the  cellular  lavas  before  the  intru- 
sion of  the  Shap  granite.  In  the  account  to  Ixj  given  of  the  Tertiary 
plateau-basalts  (Chapter  xxxvi.)  evidence  will  be  adduced  that  this  filling 
up  of  the  steam-cavities  of  lava  may  tiike  place  during  a  volcanic  period, 
and  that  it  is  probably  connected  with  the  passage  of  heated  vapours  or 
water  through  the  rocks. 

Though  acid  lavas  are  not  wholly  absent  from  the  central  and  lower 
parts  of  the  volcanic  group,  it  is  at  the  top  that  their  chief  development 
appears  to  occur.  These  rocks  may  be  grouped  together  as  felsites  or 
rhyolites.  They  probably  play  a  much  larger  part  in  the  structure  of  the 
southern  part  of  the  volcanic  area  than  the  publishe<l  maps  wtnild  suggest, 
and  a  detailed  survey  and  petrographical  study  of  them  would  well  reward 
the  needful  latour.'"*     A  fine  series  of  felsites  is  interluHlded  in  the  lower 

'  The  metamorphism  of  all  the  rocks,  atjiicous  and  igneous,  aroinul  thr  Shap  granite  has  been 
well  worked  out  hy  Messrs.  Harker  and  Marr,  (Jnart.  Jnnrn.  ^ii.oL  Siy.  v«»l.  \lvii.  (1891)  p.  "J^O, 
xlix.  (1893)  p.  359. 

-  See  Mr.  F.  Rutley,  **The  Felsitic  Lavas  of  England  aiul  Wales"  ^fcnK  fi.ol.  Siwv.  1885,  pp. 
12-15  ;  al»o  the  description  of  Messrs.  Harker  and  MaiT,  Quart.  Jouni,  fiioL  S*^-.  xlvii.  (1891),  \\  301, 
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part  of  the  Coniston  Limestone,  and  spreads  out  underneath  it  along  the 
southern  margin  of  the  volcanic  district  from  the  Shap  granite  south-westward 
for  some  miles  ^  (Fig.  62).  Between  the  vallej'S  of  the  Sprint  and  Kent 
these  felsites  (which  farther  east  are  said  to  be  700  feet  thick)  may  be  seen 
mterposed  between  the  limestone  and  the  fossiliferous  calcareous  shales 
below  it,  wliile  from  underneath  the  latter  other  sheets  rise  up  into  the  range 
of  hills  l)ehind. 

These  acid  lavas  are  generally  grey,  cream-coloured,  or  pink,  with  a 
white  weathered  crust.  Their  texture  when  fresh  is  flinty  or  homy,  or  at 
least  extremely  fine-grained  and  compact.  They  are  seldom  markedly 
porphyritic.  They  fref^uently  display  good  flow-structure,  and  sometimes 
split  up  readily  along  the  planes  of  flow.  Occasionally  the  flow-lines  on  the 
outer  crust  have  broken  up  in  the  movement  of  the  rock,  giving  rise  to 
irregular  fragments  which  have  been  carried  forward.  Short,  extremely 
irregular,  branching  veins  of  a  fine  cherty  felsitic  substance,  which  occa- 
sionally shows  a  well-marked  flow-structure  parallel  to  the  walls,  traverse 
certain  parts  of  a  dark-gi-ey  felsite,  near  Brockstones,  between  the  valleys  of 


Fig.  62.— Section  of  felsites  ou  the  Coniston  Limestone  group,  west  of  Stockdale. 

r»,  Felsites  more  or  less  cleave<l  ;  6,  Calcareons  shales  with  fossilfl,  much  cleaved ;  r,  Cleavetl  felsite ; 

f^  ('oiiistoii  Limestone  ;  ?,  Stockdale  Shales  (with  graptolitesX 

the  Kent  and  Sprint.^  Occasionally  a  distinct  nodular  structure  may  be 
obsers'cd  in  these  acid  lavas,  sometimes  minute,  like  an  oolite,  in  other  parts, 
as  on  Great  Yarlside,  presenting  large  rounded  balls.  This  nodular  structure 
is  not  confined  to  the  lava-flows,  but  has  been  detected  by  Messrs.  Barker 
and  Marr  in  what  appears  to  be  an  intrusive  rock  near  Shap  Wells.  The 
microscopic  characters  of  some  of  the  Lake  District  rhyolites  were  described 
by  Mr.  Eutley,  who  found  them  to  exhilut  beautiful  perlitic  and  spherulitic 
structures.^  That  such  rocks  as  these  were  poured  out  in  a  vitreous  condi- 
tion, like  obsidian  or  pitchstone,  cannot  be  doubted.  Chemical  analysis 
shows  that  the  Lake  District  rhyolites  agree  exactly  with  those  of  North 
Wales  in  their  composition.     They  contain  about  76  per  cent  of  silica.** 

The  rhyolitic  lavas  have  l>een  seriously  affected  by  the  general  cleavage 
of  the  region.  In  some  places  they  have  been  so  intensely  cleaved  as  to 
become  a  kind  of  fissile  slate,  and  there  seems  good  reason  to  believe  that  in 

^  Unfortunately  tlieso  acid  lavas  are  not  distinguished  from  the  others  in  the  Geological 
Survey  maps. 

*^  Conii)are  the  structure  described  by  Mr.  Harker  fi-om  the  Cross  Fell  inlier,  Quart,  Jourit.  Geof. 
Sac.  xlvii.  (1891),  p.  .'ilS. 

=*  "Geology  of  Kendal,"  etc.,  J/ewi.  (hoL  Survey,  Sheet  98  N.E.  2nd  edit.  p.  9. 

"*  Messrs.  Harker  and  Marr,  op.  cit.  ]>.  302. 
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this  altered  condition  they  have  often  been  mistaken  for  tufts.  Where  they 
assume  a  nodular  structure,  the  nodules  have  sometimes  been  flattened  and 
elongated  in  the  direction  of  the  prevalent  cleavage. 

The  abundance  and  persistence  of  thoroughly  acid  lavas  along  the 
southern  edge  of  the  volcanic  area  where  the  youngest  outflows  are  found, 
is  a  fact  of  much  interest  and  importance  in  the  history  of  the  eruptions  of 
this  region.  It  harmonizes  with  the  obser\'ations  made  in  Wales,  where  in 
the  Arenig,  and  less  distinctly  in  the  Bala  gi'oup,  a  marked  increase  in  acidity 
is  noticeable  in  the  later  volcanic  products.  At  the  same  time,  as  above 
mentioned,  there  is  evidence  also  of  the  discharge  of  more  basic  materials 
towards  the  close  of  the  eruptions,  and  even  of  the  outflow  of  a  lava 
approaching  in  character  to  basalt. 

According  to  the  Geological  Survey  maps,  by  far  the  largest  part  of  the 
volcanic  district  consists  of  pyroclastic  materials.     When  my  lamented  friend, 
the  late  Mr.  Ward,  was  engaged  in  mapping  the  northern  part  of  the  district, 
which  he  did  with  so  mucli  enthusiasm,  I  had  an  opportunity  of  going  over 
some  of  the  ground  with  him,  and  of  learning  from  him  his  ideas  as  to  the 
nature  and  distribution  of  the  rocks  and  the  general  structure  of  the  region. 
I  remember  the  difliculty  I  had  in  recognizing  as  tutt'  much  of  what  he  had 
mapped  as  such,  and  I  felt  that  had  I  been  myself  required,  without  his 
experience  of  the  ground,  to  map  the  rocks,  I  should  probably  have  gi-eatly 
enlarged  the  area  coloured  as  lava,  with  a  corresponding  reduction  of  that 
coloured  as  tuff.     A  recent  visit  to  the  district  has  revived  these  doubts.     It 
is  quite  true,  as  Mr.  Ward  maintiiins,  that  where  the  finer-grained  tufts  have 
undergone  some  degree  of  induration  or  metaniorphism,  they  can  hardly,  by 
any  test  in  the  field,  be  distinguished  from  compact  lavas.      He  was  himself 
quite  aware  of  the  objections  that  might  be  made  to  his  mapping,^  but  the 
conclusions  he  reached  had  been  deduced  only  after  years  of  unremitting 
study  in  the  field  and  with  the  microscope,  and  in  the  light  of  experience 
gained  in  other  volcanic  regions.     Nevertheless  I  think  that  he  has  some- 
what exaggerated  the  amount  of  fragmental  material  in  the  northern  part  of 
the  Lake  District,  and  that  tlie  mapping,  so  consistently  and  ably  earned  out 
by  him,  and  followed  by  those  members  of  the  Survey  who  mapped  the  rest 
of  the  ground,  led  to  similar  over-representation  there.      Some  portions  of  the 
so-called  tuffs  of  the  Keswick  region  are  undoubtedly  andesites ;  other  parts 
in  the  southern  tracts  include  intercalated  bands  of  felsite  as  well  as  andesite. 
But  even   with   this   limitation,  the  pyroclastic  material   in   the  Lake 
District  is  undoubtedly  very  great  in  amount.      It  varies  in  texture  from 
coarse  breccia  or  agglomerate,  with  blocks  measuring  several  yards  across, 
to  the  most  impalpable  compacted  volcanic  dust.     In  the  lower  parts  of  tlie 

*  He  says  :  **  I  shall  be  very  much  surprised  if  my  mapping  of  many  imrts  of  tlie  district  \w 
not  severely  criticized  and  found  fault  with  by  those  who  examine  only  (me  small  area  and  do  not 
take  into  consideration  all  the  facts  gathered  together,  during  the  course  of  several  yeai-s,  from 
every  mountain  flank  and  summit "  {op.  cit.  p.  25).  Mr.  Ilutchings  has  expressed  his  agreement 
with  the  opinions  stated  in  the  text.  He  likewise  coincides  in  the  belief  that  there  are  many  of 
these  Lake  District  volcanic  rocks,  regarding  which  it  is  impossible  to  deride  whether  they  are 
lavas  or  ashes  (Geol,  Mcuf.  1891,  p.  544). 
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group  some  ol  the  tufft  abound  m  blocks  and  chips  of  Skiddaw  Slate 
Some  good  examples  of  this  kmd  may  be  seen  in  Borrowdale,  below  Falcon 
Crat;  iiid  at  the  Qua>foot  quainea     WHiere  the  tuff  is  largely  made  up  of 

fragments  of  dark  blue 
^''^,  slate,  it  much  resembles 

the  slate  tuffs  of  Cader 
Idns    Some  of  the  pieces 
J  ot  slate  are  six  or  eipht 

inches  long  and  are  now 
placed  parallel  to  the 
clea^age  ot  the  rock 
Among  the  slate  debns, 
however,  felspar  crystals 
The  higiiij.inciiii«i  lin^  niw«  hIiow  the  ei«"«t!°;  Ti"  '■">«  gently  lUppinn    and     felsitic     fragments 

may  lie  observed.  Bands 
of  coarser  and  finer  gi'een  tuff  show  very  clearly  the  bedding  in  spite  of 
the  marked  cleavage  (Fig.  fiS). 

But  tliroughout  the  whole  volcanic  group  the  material  of  the  tulT  is 
chietly  of  thoroughly  volcanic  origin,  and  it«  distribution  appears  to  agree  on 
the  whole  with  that  of  the  bedded  lavas.  In  the  older  portions  of  the  group 
it  is  probably  mainly  derived  from  andesitic  rocks,  though  with  an  occasional 
intermingling  uf  felsitic  or  rhyolitic  detritus,  while  in  the  higher  parts  many 
of  the  tuffs  are  markedly  rhyolitic.  Among  the  lapilU  minute  ciystala  of 
felspar,  broken  or  entire,  may  be  detected  with  the  microscope.  Some 
of  the  ejected  ash  must  have  been  an  exceedingly  fine  dust.  Compact«d 
layers  of  such  material  fonn  bands  of  green  slates,  which  may  occasionally 
l)e  seen  to  consist  of  alternations  of  coarser  and  finer  detritus,  now  and  then 
false -twdded.  Such  tuffs  bring  vividly  before  the  mind  the  intermittent 
expliBions,  varying  a  little  in  intensity,  by  which  so  much  of  the  fabric  of 
the  Lake  mountains  was  built  up. 

Breccias  of  varj-ing  coarseness  are  likewise  abundant,  composed  of  frag- 
ments of  andesite  and  older  tiifi's  in  the  central  and  lower  parts  of  the  volcanic 
group,  and  mainly  of  felsitic  or  rhyolitic  detritus  in  the  upper  parts.  Some 
of  these  rocks,  whei-ein  the  blocks  measure  several  yards  across,  are  probably 
not  far  from  the  eruptive  vents,  as  at  Sourmilk  Gill  and  below  Honister 
Pass.  Generally  the  stones  are  angular,  but  occasionally  more  or  less 
rounded.  Stratification  can  generally  be  detected  among  these  tragmentol 
rocks,  but  it  is  apt  to  l)e  concealed  or  effaced  by  the  cleavage,  while  it  is 
further  obscured  by  that  widespread  induration  on  which  Mr.  Ward  has 
laid  80  much  stress.  Tiie  extreme  state  of  comminution  of  the  volcanic 
dust  that  went  to  form  the  tuffs  lias  probably  caused  them  to  be  more 
liable  to  metamorphism  than  the  lavas.' 

Little  has  yet  l>een  done  in  identifying  any  of  the  vents  from  which 
the  vast  mass  of  volcanic  material   in  the  Lake  District  was  ejected,     Mr. 

'  Tlie  microscopic  ami  cliemical  cliaiaoterB  of  the  Ash-Slatcs  of  the  I*ke  District  h»»e  bero 
investigateil  by  Mr.  Hutoliiiigs,  Urol.  May.  1892,  pii.  155,  218. 
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Ward  believed  that  the  diabase  boss  forming  the  Castle  He^ad  of  Keswick 
marks  the  site  of  "  one  of  the  inaiii  volcanic  centres  of  this  particular  dis- 
trict,"^ whence  the  great  lava  sheets  to  the  southward  flowed  out.  There 
are  obviously  two  groups  of  bosses  on  the  northern  side  of  the  district,  some 
of  which  may  possibly  mark  the  position  of  vents.  A  few  of  them  are 
occupied  by  more  basic,  others  by  more  acid  rocks.  It  is  not  necessary 
to  suppose  that  the  andesitic  lavas  ascended  only  from  the  former  and  the 
felsites  from  the  latter.  While  the  felsites  on  the  whole  are  younger  than 
the  more  basic  lavas,  they  may  have  been  erupted  from  vents  which  had 
previously  emitted  andesites,  so  that  the  present  plug  may  represent  only 
the  later  and  more  acid  protrusions. 

Besides  the  boss  of  Castle  Head  there  are  numerous  smaller  liasic 
intrusions  fartlier  down  the  Derwent  Valley  on  either  side  of  Bassenthwaite 
Lake.  Among  these  are  the  highly  basic  rocks  forming  the  picrite  on  the 
east  side  of  the  Dash  Beck  and  the  dvkes  on  l>assenthwaite  Common.  All 
these  bosses,  sills,  and  dykes  rise  through  the  Skiddaw  Slates,  but  there  is 
no  positive  proof  that  they  l)elong  to  the  Lower  Silurian  volcanic  series ; 
they  may  possibly  be  much  later. 

The  most  important  and  most  interesting  nf  all  the  intrusive  masses 
of  basic  material  is  that  which  constitutes  a  large  i)art  of  the  eminence 
that  culminates  in  Carrock  Fell.  The  remarkable  variations  in  the 
composition  of  this  mass  have  been  already  referred  to.  Mr.  Harker  has 
shown  that  while  the  centre  of  the  mass  is  a  (juartz-gabbro,  it  becomes 
progressively  more  basic  towards  the  margin.  Through  the  gabl)ro  a  mass 
of  granophyre  has  subsequently  made  its  way,  and  along  the  line  of  junction 
has  incorporated  into  its  own  substance  so  much  of  the  basic  rock  as  to 
undergo  a  marked  modification  in  its  structure  and  composition.  Whether 
these  intruded  bodies  of  basic  and  acid  material  have  ascended  in  one  of 
the  old  volcanic  funnels  and  have  been  injected  laterally  in  laccolitic  fashion 
has  not  been  ascertained.  Mr.  Harker,  indeed,  is  rather  inclined  to  refer 
the  intrusions  to  a  time  not  onlv  later  than  the  Borrow- dale  volcanoes,  but 
later  even  than  the  terrestrial  movements  that  subsecjuently  affected  the 
district  and  gave  the  rocks  their  present  cleaverl  and  faulted  structures. 
Besides  the  gabbro  and  granophyre  of  this  locality,  igneous  activity  has 
manifested  itself  in  the  uprise  of  numerous  later  dykes  and  veins,  inter- 
mediate to  basic  in  composition.  Some  of  these  are  glassy  (tachylyte)  and 
spherulitic  or  variolitic.'- 

Throughout  the  Lake  District  a  considerable  number  of  bosses  of  more 
acid  rocks  rise  through  the  Skiddaw  Slates,  and  likewise  through  tlie  volcanic 
group  even  up  to  its  highest  meml>ers.  Some  of  th(3se  bosses  may  possibly 
indicate  the  site  of  volcanic  vents.  Two  of  them,  which  form  conspicuous 
features  on  either  side  of  the  Vale  of  St.  John,  consist  of  microgranite,  and 
rise  like  great  plugs  through  the  Skiddaw   Slates,  as  well  as  through   the 

'  Op,  cit.  p.  70. 

*  Mr.  Harker,  Quart,  Jonni.  (kol.  Soc.  vol.  1.  (1894)  p.  312,  li.  (1SI>5)  p.  125.     f!coL  JIufj. 
1894,  p.  551. 
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base  of  the  volcanic  group.  The  view  of  the  more  eastern  hill,  as  seen 
from  the  west,  is  at  once  suggestive  of  a  "  neck."  These  masses  measure 
roughly  about  a  square  mile  each. 

With  the  acid  intrusions  may  possibly  be  associated  some  of  the  other 
masses  of  granophyre,  microgranite  and  granite  (felsite,  felstone,  quartz-felsite, 
syenitic  granite,  quartz -syenite,  elvanite),  which  have  long  attracted 
attention  in  this  region.  The  largest  of  these  intrusions  is  the  tract  of 
granite  which  stretches  from  Eskdale  down  to  near  the  sea -coast  as  a 
belt  about  eleven  miles  long  and  from  one  to  three  miles  broad.  Another 
large  mass  is  the  granophyre  or  "  syenite  "  of  Ennerdale.  Numerous  other 
intrusions  of  smaller  dimensions  have  been  mapped. 

To  what  extent  any  of  these  eruptive  masses  were  associated  with  the 
volcanic  phenomena  remains  still  to  be  worked  out  There  seems  to  be 
little  doubt  that  a  number  of  them  must  belong  to  a  much  later  period. 
Mr.  Harker  has  expressed  his  belief  that  the  intrusion  of  some  of  these 
igneous  rocks  was  intimately  associated  with  the  post-Silurian  terrestrial 
movements  of  which  cleavage  is  one  of  the  memorials.^  The  Skiddaw 
granite,  though  it  does  not  touch  any  part  of  the  volcanic  group,  but  is  con- 
fined to  the  underlying  Skiddaw  Slates,  was  erupted  after  the  cleavage  of  the 
district,  which  affects  the  volcanic  as  well  as  the  sedimentary  series.  In 
other  instances  also,  as  in  that  of  Carrock  Fell,  the  intrusion  seems  to  have 
been  later  than  the  disturbances  of  the  crust."  The  amount  of  meta- 
morphism  around  some  of  tlie  bosses  of  granite  is  considerable.  That  of 
the  Skiddaw  region  has  been  well  described  by  J.  C.  Ward,^  while  that  of 
the  volcanic  gioup  by  the  Shap  granite  has  been  carefully  worked  out  by 
Mr.  Harker  and  Mr.  Marr.** 

The  Shap  granite  comes  through  the  very  highest  member  of  the 
volcanic  series,  and  even  alt^jrs  the  Upper  Silurian  strata.  It  must  thus  be 
of  much  younger  date  than  the  volcanic  history  of  the  Lake  District  It 
presents  some  features  in  common  with  the  granite  bosses  of  the  south 
of  Scotland.  Like  these,  it  is  later  than  Upper  Silurian  and  older  than 
Lower  Carboniferous  or  Upper  Old  Ked  Sandstone  time.  Its  protrusion 
may  thus  have  been  coeval  with  the  great  volcanic  eruptions  of  the  period 
of  the  Ix)wer  Old  Eed  Sandstone.  It  will  accordingly  be  again  referred  to 
in  a  later  chapter. 

It  must  be  confessed  that  none  of  the  large  bosses  of  massive  rocks, 
whether  diabases,  gabbros,  felsites,  gi*anophyres,  or  granites,  appear  to  afford 
any  satisfactory  proof  of  the  position  of  the  vents  which  supplied  the  lavas 
and  tuft's  of  the  Lake  District.  Xor  can  sucli  a  decided  accumulation  of 
the  volcanic  materials  in  certain  directions  be  established  as  to  indicate  the 
quarters  where  the  centres  of  eruption  should  be  sought.  On  the  coutrarj', 
the  confused  commingling  of  materials,  and  the  comparative  shortness  of  the 

1  Qxiart.  Jotmf.  Oeol.  Soc.  vol.  li.  (1895),  p.  144.  «  Op.  cit.  p.  126. 

^  "Geology  of  Nortliern  Part  of  the  English  Lake  District,"  Mem,  Geo!.  Sure.  1876,  chaj>.  iii. 
The  metamorphism  around  the  dioiites  and  dolerites,  and  the  granophyres  and  felsites.  isdescriM 
in  the  same  chapter. 

*  Qiiaii.  Journ.  iieol.  Soc.  xlvii.  (1891)  p.  266,  xlix.  (1893)  p.  359. 
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outcrop  of  the  several  sheets  which  have  been  traced,  rather  suggest  that 
if  any  one  great  central  volcano  existed,  its  site  must  lie  outside  of  the 
present  volcanic  district,  or  more  probably,  that  many  scattered  vents  threw 
out  their  lavas  and  ashes  over  no  very  wide  area,  but  near  enough  to  each 
other  to  allow  their  ejected  materials  to  meet  and  mingle.  The  scene  may 
have  been  rather  of  the  type  of  the  Phlegriean  fields  than  of  Etna  and 
Vesuvius.  If  this  surmise  be  true,  we  may  expect  yet  to  recognize  little 
necks  scattered  over  the  volcanic  district  and  marking  the  positions  of  some 
of  these  vanished  cones. 

What  appears  to  have  been  one  of  these  small  vents  stands  near  Grange 
at  the  mouth  of  Borrowdale,  where  I  came  upon  it  in  1890.  In  the  little 
Comb  Beck,  the  Skiddaw  Slates  are  pierced  by  a  mass  of  extremely  coarse 
agglomerate,  forming  a  rudely-circular  boss.  The  slates  are  greatly  disturbed 
along  the  edges  of  the  boss,  so  mucli  so,  indeed,  that  it  is  in  some  places 
difficult  to  draw  a  line  between  them  and  the  material  of  the  agglomerate. 
That  material  is  made  up  of  angular  blocks,  varying  in  size  up  to  three  feet 
long,  stuck  in  every  position  and  angle  in  an  intensely-indurated  matrix 
formed  apparently  of  comminuted  debris  like  the  stones.  The  blocks  con- 
sist of  a  finely-stratified  shale,  whicli  is  now  hardened  into  a  kind  of  horn- 
stone,  with  some  felsitic  fragments.  I  could  see  no  slags  or  bombs  of  any 
kind.  There  is  no  trace  of  cleavage  among  the  blocks,  nor  is  the  matrix 
itself  sensibly  cleaved.  I  believe  this  to  be  a  small  volcanic  neck  and  not 
a  "  crush-conglomerate."  It  has  been  blown  through  the  Skiddaw  Slates,  and 
is  now  filled  up  with  the  debris  of  these  slates.  Its  formation  seems  to 
have  taken  place  before  the  cleavage  of  tlie  strata,  and  its  firm  position  and 
great  induration  enabled  it  to  resist  the  cleavage  which  has  so  powerfully 
affected  the  slates  and  many  members  of  the  volcanic  group. 

It  was  the  opinion  of  my  predecessor.  Sir  Andrew  llamsay,  and  likewise 
of  Mr.  Ward,  that  the  Cumbrian  volcanic  action  was  niainlv  subaerial. 
This  opinion  was  founded  chiefly  on  the  fact  that,  save  at  the  bottom  and 
top  of  the  series,  there  is  no  evidence  of  any  interstratified  sediment  of  non- 
volcanic  kind.  The  absence  of  such  interstratification  may  undoubtedly 
furnish  a  presumption  in  favour  of  this  view,  but,  of  course,  it  is  by  no 
means  a  proof.  Better  evidence  is  furnished  by  the  unconformability  already 
mentioned  between  the  Coniston  Limestone  and  the  lavas  on  which  it  lies. 
Besides  angular  pieces  of  lava,  probably  derived  from  direct  volcanic  explo- 
sion, this  limestone  contains  fragments  of  amy^^daloidal  andesite,  and  also 
rolled  crystals  of  striated  felspar.^  These  ingredients  seem  to  indicate  that 
some  part  of  the  volcanic  group  was  above  water  when  the  Coniston  Lime- 
stone was  deposited. 

The  absence  of  interstratifications  of  ordinary  non-volcanic  sediment  in 
the  Borrowdale  group  might  conceivably  arise  from  the  eruptions  following 
each  other  so  continuously  on  the  sea-fioor,  and  at  so  great  a  distance  from 
land  that  no  deposition  of  sand  or  mud  from  the  outside  could  sensibly 
affect  the  accumulation  of  volcanic  material.       Certainly  some  miles  to  the 

^  Messrs.  Harker  and  Marr,  Quart.  Joiirn.  ^Uol.  Sw.  vol.  xlvii.  (1891),  p.  310. 
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east  at  the  Cross  Fell  inlier,  as  already  mentioned,  there  is  evidence  of  the 
alternation  of  tufts  with  the  sandy  and  muddy  sediment  of  the  sea-bottom. 
Here,  at  the  outer  confines  of  the  volcanic  district,  the  ejected  materials 
evidently  fell  on  the  sea-floor,  mingled  there  with  ordinary  sediment,  and 
enclosed  the  same  organic  remains.  The  well-defined  stratification  of  many 
of  the  fine  tufts  is  rather  suggestive  to  my  mind  of  subaqueous  than  of 
subaerial  accumulation.  At  the  same  time,  there  seems  no  reason  why, 
here  and  there  at  least,  the  volcanic  cones  should  not  have  risen  above 
the  water,  though  their  materials  would  be  washed  down  and  spread  out  by 
the  waves. 

One  of  the  most  marked  points  of  contrast  between  the  Cumbrian  and 
the  Welsh  volcanic  districts  is  to  be  found  in  the  great  paucity  of  sills  in 
the  former  region.  A  few  sheets  of  diorite  and  diabase  have  been  mapped, 
especially  in  the  lower  parts  of  the  volcanic  group  and  in  the  underlying 
Skiddaw  Slates.  ( Jn  the  other  hand,  dykes  are  in  some  parts  of  the  district 
not  unfrequent,  and  certainly  play  a  much  more  prominent  part  here  than 
they  do  in  the  Welsh  volcanic  districts.  The  majority  of  them  consist  of 
felsites,  quartz-porphyries,  diorites,  and  mica-traps.  But  there  is  reason  to 
suspect  that  where  they  are  crowded  together  near  the  granite,  as  around 
Shap  Fells,  they  ought  to  Ije  connected  with  the  uprise  of  the  post-Siluriau 
granitic  magma  rather  than  with  the  history  of  the  volcanic  group.^  If  this 
series  of  dykes  be  eliminated,  there  remain  comparatively  few  that  can  with 
any  confidence  be  associated  with  the  eruption  of  the  Borrowdale  rocks. 

Vii.    UPPEK  SILUKIAX(?)  VOLCANOES  OF  GLOUCESTERSHIRE 

A  remarkable  group  of  igneous  materials  has  long  been  known  to  rise 
among  the  Silurian  rocks  of  the  Tortworth  district  at  the  north  end  of  the 
Bristol  coal-field.  They  were  believed  to  be  aqueous  deposits  in  the  Wernerian 
sense  by  Weaver."-  Murchison  regarded  them  as  intrusive  sheets  ;  ^  Phillips 
looked  on  them  as  partly  intrusive  and  partly  interstratified."*  They  consist 
largely  of  coarsely-amygdaloidal  basalts,  some  of  which  have  been  micro- 
scopically examined.'  But  their  field-relations  as  well  as  their  petrography 
have  not  yet  been  adecjuately  determined.  They  are  represented  on  the 
Geological  Survey  ilap  as  forming  a  number  of  parallel  bands  in  stratii 
classed  as  I'pper  Llandovery.  If,  as  seems  probable,  some  of  them  are 
really  interstratified,  they  form  the  youngest  group  of  Silurian  volcanic 
rocks  in  England,  Scotland,  or  Wales. 

^  For  u  description  of  the  dykes  around  the  Shap  granite  see  tlie  paper  by  Messrs.  Harker 
and  Marr,  Quart,  Jouni.  Ueol.  Son.  vol.  xlvii.  (1891),  p.  28r>. 

2  Trans.  Grol.  Sw\  2nd  sen  vol.  i.  (1819),  pp.  324-334. 

•*  SllnrUia  S>fsfr}/i  (1839),  p.  457.  *  Mnn.  GcoL  Siirv.  vol.  ii.  ^wirt  i.  (1848),  p.  194. 

^  '-Geology  of  East  Somerset,"  etc.,  in  Mem.  Ocol.  Sxirw  (1876),  p.  210  ;  descriptions  by  Mr. 
F.  Rutlev. 


CHAPTER  XIV 

THE    SILUKIAN    VOLCANOES    OF    IRELAND 

Abundant  as  are  the  volcanic  records  of  the  Silurian  period  in  England, 
Wales  and  Scotland,  the  description  of  them  would  be  incomplete  without 
an  account  of  those  of  Ireland.  The  eruptions  of  Arenig,  IJandeilo  and 
Bala  time,  which  we  have  followed  from  the  south  of  Caernuirthenshire  to 
the  borders  of  the  Scottish  Highlands,  had  their  counterparts  all  down  the 
east  of  Ireland.  The  Irish  register  of  them,  however,  suj)plies  some  details 
which  ai-e  less  clearly  preserved  in  the  sister  island.  iUit  tlie  most  distinct- 
ive feature  of  the  Silurian  volcanic  history  in  Ireland  is  the  preservation 
of  memorials  of  eruptions  during  tlie  Upper  Silurian  period.  In  no  part 
of  Great  Britain  has  any  unquestionable  trace  been  found  of  volcanic  activity 
during  that  part  of  the  geological  record,  the  last  eruptions  of  which  the  age 
is  known  being  those  of  the  Bala  rocks.  But  in  the  south-west  of  Ireland 
there  is  evidence  that  for  a  time  active  vents  api)eared  over  the  sea-Hoor  on 
which  the  earlier  deposits  of  Upper  Silurian  time  were  laid  down. 

I.  The  Lower  Silurian  Series 
i.  ErvptwHii  proJ nihil/  of  Arenif/  Af/c 

It  is  in  that  part  of  Ireland  which  lies  east  of  a  line  drawn  from  Stral)ane  to 
Dungarvan  Harbour  that  the  records  of  Lower  Silurian  volcanic  activity  are  to 
be  found.  In  the  north  the  devehjpment  of  volcanic  rcKks  resembles  that  in 
Scotland,  in  the  south  it  corresponds  rather  with  the  volcanic  districts  of  Wales. 

The  Irish  Silurian  volcanic  rocks  have  been  traced  with  more  or  less 
detail  on  the  maps  of  the  (ieological  Survey.  Since  these  nuips  were 
published,  however,  great  advances  have  been  made  in  the  study  of  the 
petrography  of  volcanic  rocks,  as  well  as  in  the  art  of  tracing  their  structure 
upon  maps.  Much,  therefore,  now  remains  to  l)e  done  to  bring  our  know- 
ledge of  the  older  volcanic  history  of  Ireland  abreast  of  that  of  tlu*  rest  of 
the  British  Isles.  In  the  following  summary  1  have  had  to  ivly  mainly  on 
my  own  traverses  of  the  ground,  guided  l>y  the  maps  and  memoirs  of  the 
Survey,  and  with  the  personal  assistance  of  some  of  my  colleagues. 

The  remarkable  zone  of  crushed  ch(»rts,  igneous  nxiks  and  sandstones. 


240  THE  SILURIAN  VOLCANOES  book  iv 

probably  of  Lower  Silurian  age,  which  I  have  referred  to  (p.  201)  as  wedged 
in  between  the  schists  and  the  Old  Eed  Sandstone  along  the  southern  margin 
of  the  Highlands  of  Scotland,  reappears  in  Ireland.  It  occupies  an  area  in 
the  County  Tyrone,  about  24  miles  long  and  about  9  miles  broad  at  the 
broadest  part,  but  disappearing  towards  the  north-east  and  south-west.^ 
Lying  between  the  Paleozoic  formations  on  the  south  and  the  schists  on 
the  north,  it  occupies  a  similar  position  to  the  Scottish  belt,  but  presents 
a  much  broader  area,  and  thus  affords  greater  facilities  for  examining 
the  rocks.  It  presents  the  same  indefinite  or  faulted  boundaries  as  in 
Scotland,  so  that  its  relations  to  the  rocks  along  its  flanks  have  not  been 
satisfactorily  determined.  Tiiat  the  rocks  of  this  area  are  old6r  than  the 
Silurian  strata  to  the  south  of  them  seems  to  be  established  by  the  occur- 
rence of  fragments  of  them  in  these  strata,  and  that  they  are  yoimger  than 
the  schists  may  be  inferred  from  their  non-foliated  character.  But  they 
have  undoubtedly  undergone  considerable  crushing  by  powerful  terrestrial 
movements  which  have  placed  them  in  their  present  position. 

The  special  fetiture  of  interest  in  this  Irish  area  is  the  remarkable 
development  of  volcanic  materials  which  is  there  to  be  seen,  spreading  over 
a  far  wider  area  than  in  Scotland.  The  rocks  include  lavas  associated  with 
tuffs  and  agglomerates,  likewise  a  varied  series  of  intrusive  masses. 

The  lavas  are  chiefly  dull  greenish,  fine-grained  rocks,  having  the  general 
character  of  diabases  and  "  porphyrites."  They  are  sometimes  quite  slaggy, 
and  where  the  amygdaloidal  kernels  remain,  these  are  usually  of  calcite. 
Under  the  microscope,  the  diabases  show  in  some  parts  that  their  lath- 
shaped  felspars,  and  the  augite  whicli  tliese  penetrate,  are  tolerably  fresh, 
while  in  other  parts  filirous  chlorite,  granular  epidote  and  veins  of  calcite 
bear  witness  to  the  metamorphism  which  they  have  undergone. 

One  of  the  most  conspicuous  features  in  some  of  these  lavas  is  the 
occurrence  of  the  same  sack-like  or  pillow-shaped  structure  which  has  been 
already  referred  to  as  so  marked  among  the  Arenig  lavas  of  Scotland. 
Though  the  vesicles  of  these  rocks  are  often  quite  uncrushed,  showing  that 
there  has  been  no  general  subsequent  deformation  of  the  whole  mass,  there 
occur  local  tracts  where  evidence  of  considerable  movement  may  be  noticed. 
Thus  close  to  a  mass  of  gneiss,  and  elsewhere  along  their  margin,  the  lavas 
are  apt  to  be  much  jomted  and  broken  with  numerous  lines  of  shear,  along 
which  the  crushed  material  assumes  more  or  less  of  a  schistose  structure. 
Yet  in  the  solid  cores  between  these  bands  of  crushing  the  original  forms  of 
the  vesicles  are  retained. 

These  greenish  lavas  are  occasionally  interleaved  with  grey  flinty  mud- 
stones,  cherts  and  red  jaspers,  which  are  more  particularly  developed  imme- 
diately  above.      In    lithological    character,    and    in   their  relation  to  the 

*  Tliis  area  was  inai)ped  by  Mr.  J.  Nolan  for  the  Geological  Survey,  and  was  described  by  him 
in  the  Gcol.  Mag.  for  1879.  I  visited  it  in  company  witli  my  colleagues,  Mr.  B.  N.  Peacli  and  Mr. 
A.  M 'Henry,  in  1890  and  again  in  1894.  My  first  conclusion  was  that  the  volcanic  rocks  should 
be  regarded  as  part  of  the  schistose  series  lying  to  the  north  of  them  (Pr<».  Address  Gcof.  Soc. 
1891,  p.  77).  But  on  the  second  visit,  after  having  studied  the  rocks  of  the  border  of  the  Scottisli 
Highlands,  I  formed  the  opinion  stated  in  the  text. 
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diabases,  these  siliceous  bands  bear  the  closest  resemblance  to  those  of 
Arenig  age  in  Scotland.  But  no  recognizable  Eadiolaria  have  yet  been 
detected  in  them. 

Besides  the  more  basic  lavas,  there  occur  also,  but  less  abundantly,  platy 
felsitic  rocks  which  have  suffered  mueli  from  shearing,  and  consequently 
have  acquired  a  fissile  slaty  structure. 

The  agglomerates  are  made  up  of  angular,  subangular  and  rounded 
fragments  imbedded  in  a  matrix  of  similar  composition.  This  matrix  has 
in  places  become  quite  schistose,  and  then  closely  reseml)les  some  parts  of 
the  "  green  schists "  of  the  Scottish  Highlands.  Of  the  inclosed  stones 
the  great  majority  consist  of  various  felsites,  which,  weathering  with  a  thick 
white  opaque  crust,  are  internally  close-gmined,  dull-grey  or  even  l)lack,  some- 
times showing  flow-structure,  and  of  all  sizes  up  to  eight  inches  in  diameter 
or  more.  There  are  also  fragments  of  the  l^asic  lavas,  and  likewise  i)iece8 
of  chert  and  jasper.  On  many  of  the  rocky  hummocks  no  distinct  bedding 
can  be  made  out  in  the  agglomerate,  but  in  others  the  rock  is  tolerably  well 
stratified. 

The  tuffs  are  fine  silky  schistose  rocks,  and  seem  to  have  been  largely 
derived  from  basic  lavas.  They  have  suffered  more  than  any  of  the  other 
rocks  from  mechanical  deformation,  for  they  pass  into  green  cliloritic  schists. 
Some  portions  of  them  are  not  unlike  tlie  slaty  tuffs  of  Llyn  Padarn  in 
Caernarvonshire. 

Accompanying  the  fragmental  volcanic  rocks,  some  ordinary  sedimentary 
intercalations  are  to  be  found — red  shales  and  pebbly  quartzites,  that 
seem  to  have  escaped  much  crushing.  The  true  order  of  succession 
in  the  volcanic  series  has  not  yet  been  determined.  But  apparently  above 
this  series  come  some  dark  shales,  such  as  might  yield  gi-aptolites,  pale  gi'its 
and  occasional  limestones. 

Later  than  the  lavas  and  the  pyroclastic  material  are  various  intrusive 
masses,  which  in  bands  and  bosses  form  numerous  craggy  hills  throughout 
the  area.  So  far  as  I  have  been  able  to  observe,  these  rocks  include  two 
groups.  Of  these  the  older  consists  of  basic  injections,  such  as  gabbros 
and  allied  rocks,  some  of  which  remind  me  of  the  so-called  "  hypersthene- 
rock  "  of  Lendalfoot,  in  Ayrshire.  The  coarser  varieties,  as  at  Carrickmore 
or'Termon  rock,  are  sometimes  traversed  by  fine-grained  veins  from  an  inch 
to  several  feet  in  breadth.  Portions  of  the  slaggy  diabases  may  be  observed 
inclosed  in  these  intrusive  masses.  The  yoiniger  group  is  of  more  acid 
composition  (granite,  quartz-porphyry,  etc.),  and  sends  veins  into  the  older. 

ii.   Ei'vptions  of  Llandrilo  and  Bala  Age 

Into  the  east  of  Ireland  the  Ix)wer  Silurian  rocks  are  prolonged  from 
Scotland,  from  the  Lake  District  and  from  Wales.  Tliough  greatly  concealed 
under  younger  formations  across  the  breadth  of  the  island,  and  occasionally 
interrupted  by  what  are  regarded  as  older  strata  of  Canil)rian  age,  they 
nevertheless  occupy  by  much  the  larger  part  of   the    maritime   counties 

VOL.  I  R 
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from  Belfast  Lough  to  the  southern  coast-line  of  Waterford,  even  as  far  as 
Dungarvan  Harbour.      With  the  same    lithological  types   of   sedimentary 
deposits  as  in  other  parts  of  the  United  Kingdom,  they  carry  with  them 
here  also  their  characteristic  records  of  contemporaneous  volcanic  action. 
Though  nowhere  piled  into  such  magnificent  mountain-masses  as  in  West- 
moreland and  North  Wales,  these  records  become  increasingly  abundant  and 
interesting  as  they  are  traced  southwards,  until  they  are  abruptly  terminated 
by  the  coast-Une  along  the  south  of  the  counties  of  Wexford  and  Waterford. 
While  much  remains  to  be  done,  both  in  the  field  and  in  the  laboratory 
and  microscope-room,  before  our  acquaintance  with  the  Irish  Silurian  volcanic 
rocks  is  as  complete  as  our  knowledge  of  their  equivalents  in  other  portions  of 
the  United  Kingdom,  a  serious  preliminary  difficulty  must  be  recognized  in  the 
fact  that  the  several  geological  horizons  of  these  rocks  have  only  been  ap- 
proximately fixed.     Great  difficulty  was  experienced  by  the  Geological  Survey 
in  drawing  any  satisfactory  line  between  the  Llandeilo  and  Bala  formations. 
This  arose  not  so  much  from  deficiency  of  fossil  evidence  as  from  the  way 
in  which  the  fossils  of  each  gioup  seemed  to  occur  in  alternating  bands 
in  what  were,  regarded  as  a  continuous  series  of  strata.     Indeed,  in  some 
localities  it  almost  appeared  as  if  the  occurrence  of  one  or  other  fades  of 
fossils    depended  mainly    on   lithological   characters   indicative   of   original 
conditions  of  deposit,  for  the  Llandeilo  forms  recurred  where  black  shales 
set   in,  while   Bala  forms  made   their  reappearance  where  calcareous   and 
gritty  strata  predominated.^     More  recent  work  among  the  Silurian  forma- 
tions in  England  and  Scotland,  however,  indicates  that  the  parallel  repetition 
of  the  two   types  of  fossils  is  due  to  rapid  and  constant  plication  of  the 
rocks,  whereby  the  two  formations,  neither  of  them,  perhaps,  of  great  tliick- 
ness,   have   been   folded   with  each  other  in  such  a  way  that   without  the 
evidence   of  an  established   sequence   of  fossils,  or   the   aid  of  continuous 
sections,  it  becomes  extremely  difficult  to  make  out  the  stratigraphical  order 
in  any  district.     When   the  ground  is  attacked  anew  in  detail,  with  the 
assistance   of   such  pala^ontological  and  lithological  horizons  as  have  per- 
mitted the  complicated  structure  of  the  southern  uplands  of  Scotland  to  be 
unravelled,  we  may  be  enabled   to  tabulate  the  successive   phases  of  the 
volcanic  history  of  the  region  in  a  way  which  is  for  the  present  impossible. 
We  have  as  yet  no  paheontological  evidence  that  in  the  Silurian  region  of 
the  east  of  Ireland,  which  extends  from  Belfast  Lough  to  the  south  coast  of 
County  Waterford,  any  of  the  anticlinal  folds  bring  up  to  the  surface  a 
portion  of  the  Lower  Arenig  formation,  though  possibly  some  of  the  lowest 
visible  strata  may  be  of  Upper  Arenig  age.     A  considerable  part  of  the 
region  must   be  referred   to    the    Llandovery   and    other    Upper    Silurian 
formations,   but  the   precise  limits   of  the   two  divisions    of   the    Silurian 
system  have  not  yet  been  determined,  except  for  the  region  north  of  DubUn, 
which  has   recently  ])eeii   re-examined  for  the  Geological  Survey  by  Mr. 
F.  W.  Egan  and  Mr.  A.  M*Henry. 

^  Jukes  was  disposed  to  regard  the  two  faunas  as  essentially  coeval,  but  inhabiting  different 
kinds  of  sea-bottom.     See  his  note,  Explanation  of  Sheets  167,  168,  178,  179,  p.  30. 
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These  observers  have  ascertained  that,  as  in  Southern  Scotland,  by  far 
the  larger  part  of  the  Silurian  region  of  the  north-east  of  Ireland  is  occupied 
by  strata  belonging  to  the  upper  division  of  the  system.  The  Lower  Silurian 
formations,  including  the  Llandeilo  and  Bala  groups,  form  a  belt  varying  up 
to  six  miles  in  breadth,  which  stretches  from  the  coast  of  Down,  between  the 
mouth  of  Belfast  Lough  and  Copeland  Island,  in  a  south-westerly  direction 
to  near  the  valley  of  the  Shannon  in  County  Longford.  South  of  this  belt 
the  Lower  Silurian  rocks  rise  to  the  surface  only  here  and  there  on  the 
crests  of  anticlinal  folds,  and  it  is  in  these  scattered  "  inliers  "  that  the  vol- 
canic and  intrusive  rocks  are  found.  So  far  as  the  available  evidence  goes, 
the  volcanic  history  of  this  part  of  Ireland  is  entirely  to  be  assigned  to 
Lower  Silurian  time,  and  more  especially  to  the  interval  between  the  l^egin- 
ning  of  the  Llandeilo  and  the  close  of  the  Bala  period.  I  must  for  the 
present  content  myself  with  this  general  limit  of  geological  chronology,  and 
make  no  attempt  to  trace  the  relative  antiquity  of  the  igneous  rocks  in  the 
several  districts  in  which  they  are  distributed.^ 

Viewing  the  volcanic  region  of  Eastern  Ireland  as  a  whole,  we  are  first 
struck  by  the  feebleness  of  the  manifestations  of  eruptivity  in  the  north,  and 
their  increasing  development  as  we  advance  southwards.  At  the  northern 
end  of  the  Silurian  area  in  County  Down,  thin  bands  of  "  felstone "  and 
"  ash  "  have  been  mapped  by  the  Geological  Survey  as  interstratified  with 
the  highly  inclined  and  plicated  Silurian  rocks.^  As  the  latter  are  plainly 
a  continuation  of  the  strata  which  have  been  mapped  out  zone  by  zone  in 
the  south  of  Scotland,  their  igneous  intercalations  may  be  looked  upon  as 
probably  equivalents  of  some  of  those  in  the  Silurian  districts  of  Wigton- 
shire  and  Kirkcudbrightshire.  But  in  County  Down  no  representative  has 
yet  been  detected  of  the  Arenig  and  Llandeilo  volcanic  series  of  the  southern 
uplands  of  Scotland.  Nor  has  more  precise  petrographical  examination  con- 
firmed the  reference  of  any  of  the  igneous  rocks  in  the  Silurian  area  of  that 
district  to  truly  contemporaneously  intercalated  volcanic  rocks.  All  the 
eruptive  material  appears  to  be  of  an  intrusive  character.  It  occurs  in  the 
form  of  dykes  of  lamprophyre  or  mica-trap  belonging  to  the  groups  of  minettes 
and  kersantites.  Nothing  definite  is  known  of  the  age  of  these  intrusions : 
they  are  possibly  referable  to  the  time  of  the  Lower  Old  Bed  Sandstone.^ 

Far  in  the  interior  several  bands  of  "  felspathic  ash "  and  ''  massive 
agglomerate  "  are  shown  on  the  Survey  map  as  running  through  the  counties 
of  Monaghan  and  Cavan.*  In  one  locality  south  of  the  Drumcalpin  Loughs 
a  large  exposure  of  this  ash   is  visible :  "  browai  crumbly  beds,  with  small 

*  The  task  of  revising  the  Irish  maps  and  tracing  out  the  respective  areas  of  Upi)er  and  Lower 
Silurian  rocks  over  the  whole  island  is  now  in  progress  by  the  Geological  Survey,  Mr.  Egan  and  Mr. 
M*Henry  being  entirely  engaged  on  it. 

*  See  Sheet  49  Geol.  Survey,  Ireland,  and  Explanation  thereto  (1871),  pp.  lt>,  37,  39.  The  so- 
called  *'  ashes"  of  the  Explanation  are  probably  j>arts  of  dykes  which  have  been  more  or  less 
cnuhecl. 

'  Guide  to  the  Collection  of  Rocks  and  Fossils  helonginy  to  the  frtolojicul  Survey  of  Ireland, 
by  Messrs.  M'Henry  and  Watts,  Dublin,  1895,  p.  74. 

*  Sheet  69  Geol.  Survey,  Ireland,  and  Explanation  of  Sheets  68  and  69,  pp.  9,  13,  15. 
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rounded  pebbles,  give  place  to  a  massive  bed  of  agglomerate,  the  enclosed 
blocks  of  which  are  always  of  one  species  of  felstone,  sometimes  measuring 
10x12x18  inches,  and  not  always  rounded."  South  of  Carrickatee  Lough, 
and  a  few  miles  farther  to  the  south-west,  near  Lackan  Bridge,  considerable 
exposures  of  tliese  rocks  occur.  One  crag  in  particular  displays  a  thickness 
of  more  than  70  feet  of  "tough  flaky  breccias,"  " thick  agglomerates  with 
small  and  large  blocks  of  felstone,"  and  "  thin  beds  of  fine  pale  green  compact 
grit  without  pebbles,  and  a  few  flags."  "  One  of  the  flaky  beds  contains 
numerous  white  worn  crystals  of  felspar  "  ;  "  the  imbedded  blocks  of  felstone 
are  of  the  usual  kind — pale  compact  matrix  showing  dark  oblong  patches, 
vesicular  and  amygdaloidal,  the  cavities  being  filled  with  chlorite." 

Further  south  a  more  extensive  area  of  igneous  rocks  has  been  mapped 
on  the  border  of  Louth  and  Meath,  where,  according  to  the  Geological 
Survey  map,  a  group  of  lavas  and  tufis  extends  for  about  twelve  miles  near 
Slane.^  Other  bands  of  "  ash  "  and  "  felstone  "  have  been  mapped  in  the 
Silurian  area  south  of  Drogheda.  Thus  at  Hilltown,  west  from  the  race- 
course, a  "  bluish  crystalline  felstone,  showing  in  places  lines  of  viscous 
flow,"  is  stated  to  be  overlain  by  **  indurated  felspathic  ash  and  tuff,  felstone, 
and  indurated  shale  "  in  alternating  beds."  On  a  recent  visit  to  this  locality 
I  found  that  the  "  porcellanite  or  indurated  shale  "  is  a  greenish-grey  chert, 
full  of  Riidiolaria  and  finely-diifused  volcanic  dust.  This  association  of 
radiolarian  chert  with  contemporaneous  volcanic  activity  is  of  much  interest, 
as  showing  the  extension  of  the  same  physical  conditions  of  the  Lower 
Silurian  sea  from  Scotland  into  Ireland.  The  Lower  Llandeilo  age  of  the 
volcanic  intercalations  in  County  Meath  is  further  indicated  by  the  occur- 
rence of  Didymograptus  Murchisoiii  in  grey  shales  in  the  same  neighlK)ur- 
hood  with  tlie  radiolarian  cherts.  In  the  Lower  Silurian  district  of 
Balbriggan  numerous  intrusive  bosses  and  sills  have  been  mapped  by  the 
Geological  Survey.  I  have  found,  however,  that  among  these  rocks  thei-e 
occur  bands  of  volcanic  breccia,  containing  abundant  angular  fragments  of  a 
minutely-vesicular  pumice,  and  also  that  some  of  the  dial)ase-masses  display 
the  pillow-structure  and  amygdaloidal  texture.  Hence,  though  most  of  the 
igneous  rocks  are  no  doubt  intrusive,  they  appear  to  include  lavas  and  tuffs 
of  Bala  age. 

When  the  numerous  Silurian  cores  of  the  mountain -groups  in  the 
interior  of  Ireland  shall  have  been  searched  for  traces  of  contemporaneous 
volcanic  action,  it  is  not  improbable  that  these  will  be  found.  One  of  the 
smaller  Silurian  inliers  which  divei*sify  the  great  Carboniferous  plain,  that 

^  PtUl.  Sheets  81  and  91.  These  rocks  are  cliiefly  augitic  aiidesites,  a  few  are  basalts,  and 
some  seeui  related  to  fclstones.  Prolmbly  many  of  them  are  intrusive  sills  of  uncertain  age.  The 
"  ashes  "  contain  fragments  of  felsite  and  porphyrite  often  of  considerable  size  {Guide  to  Irish 
Hock-Colicdion,  |».  36). 

'  Ibid.  Sheets  91  and  92  and  Explanation  to  these  Sheets  (1871),  p.  10  ;  Guide  to  Irish  Rock- 
Collection,  p.  36.  Some  of  these  lavas  are  andesites,  others  are  felsites.  Mr.  M 'Henry  has  contended 
that  certain  "ashes"  and  *' agglomerates,"  particularly  those  exposed  on  the  coast  at  Portraioe, 
opposite  Lambay  Island,  are  "  crush -conglomerates  "  due  to  terrestrial  disturbances,  which  have 
affected  both  intrusive  igneous  rocks  and  tlie  sedimentary  series  into  which  these  have  been  iigected. 
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of  the  Chair  of  Kildare,  has  long  been  known  to  have  igneous  rocks  asso- 
ciated with  its  abundantly  fossiliferous  Bala  limestone.^  On  recently  visit- 
ing this  locality  I  found  that,  besides  the  amygdaloidal  and  porphyritic 
andesites  and  basalts  described  by  Jukes  and  Du  Noyer,  the  fossiliferous 
conglomerates  contain  pebbles  of  rocks  like  those  of  the  Chair,  together 
with  worn  crystals  of  felspar,  while  intercalated  with  them  are  thin  courses 
of  volcanic  tuft*.  There  is  thus  evidence  here  of  contemporaneous  volcanic 
activity  during  the  accumulation  of  the  Bala  group  of  strata.  The  limited 
area  over  which  the  rocks  are  exposed,  however,  affords  merely  a  glimpse 
of  this  volcanic  centre. 

Crossing  over  the  broad  belt  of  Carboniferous  Limestone  through  which 
the  Liffey  flows  into  Dublin  Bay,  we  come  to  the  great  continuous  tract  of 
older  Palaeozoic  rocks  which  stretches  southward  to  the  cliff's  of  Waterford. 
Through  this  tract  runs  the  huge  ridge  of  the  Wicklow  and  Carlow  granite. 
On  the  west  side  of  this  intrusive  mass,  bands  of  "  greenstone-ash,"  as  well 
as  "  felspathic  ashes,"  have  been  traced  among  the  Silurian  rocks  by  the 
Geological  Sun^ey.  But  it  is  on  the  south-east  side  of  the  granite  that  the 
volcanic  intercalations  are  best  displayed.  Indeed,  from  Wicklow  Head  to 
Dungarvan  Harbour  there  is  an  almost  continuous  development  of  igneous 
rocks,  rising  into  rocky  eminences,  trenched  into  ravines  by  the  numerous 
streams,  and  laid  bare  by  the  waves  in  fine  coast-cliffs.  It  is  in  this  south- 
eastern region,  comprising  the  counties  of  Wicklow,  Wexford  and  Water- 
ford,  that  the  Irish  Lower  Silurian  igneous  rocks  can  best  be  studied. 

There  are  obviously  various  distinct  centres  of  eruption  in  this  long  belt 
of  country.  The  Kathdnim  and  Castletimon  tract  forms  one  of  these. 
Another  of  less  size  culminates  in  Kilpatrick  Hill,  a  few  miles  to  the 
southward.  Arklow  Head  marks  the  position  of  a  third.  The  lavas  and 
tuffs  which  set  in  a  few  miles  to  the  south  of  that  promontory,  and  may 
be  said  to  extend  without  interruption  to  the  south  coast,  were  probably 
thrown  out  by  a  series  of  vents  which,  placed  along  a  north-east  and  south- 
west line,  united  their  ejections  into  one  long  submarine  volcanic  bank. 
There  can  be  no  doubt  that  the  most  active  vents  lav  at  the  southern  end 
of  the  belt,  for  there  the  volcanic  materials  are  piled  up  in  thickest  mass, 
and  succeed  each  other  with  comparatively  trifling  intercalations  of  ordinary 
sedimentary  material.  Some  of  these  vents,  as  I  shall  relate  in  the  sequel, 
have  been  cut  open  by  the  sea  along  a  range  of  precipitous  cliffs. 

The  comparatively  feeble  character  of  the  volcanic  energy  during  Lower 
Silurian  time  over  the  greater  part  of  the  south-east  of  Ireland  is  shown  by 
the  great  contrast  between  the  thickness  of  the  volcanic  intercalations  there 
and  in  Wales  and  the  Lake  country,  but  still  more  strikingly  by  innumerable 
sections  where  thin  interstratifications  of  fine  tuff"  or  volcanic  breccia  occur 
among  the  ordinary  sedimentary  strata,  and  are  sometimes  crowded  witli 
Bala  fossils.  Some  interesting  illustrations  of  this  feature  are  to  l)e  seen  in 
the  Enniscorthy  district,  where  layers  of  fine  felsitic  tuff*,  sometimes  less  than 

*  See  Explanation  to  Quarter  Sheet  35  N.E.  (Sheet  119  of  newer  numeration)  of  Geol.  Survey 
Ireland  (1858),  p.  16.     (See  note,  p.  256.) 
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an  inch  in  thickness,  lie  among  the  shales.     In  some  of  the  tuflfs  the  lapilli 
are  fragments  of  trachytic  or  andesitic  rocks. 

A  striking  example  of  rapid  alternations  of  pyroclastic  material  with 
ordinary  sediment  lies  far  to  the  south  in  County  Waterford,  close  to  Dun- 
hill  Bridge,  where  a  gi'oup  of  fine  volcanic  breccias  and  grits  has  been 
laid  bare  by  quarrying.^  These  strata  consist  of  coarser  and  finer 
detritus,  enclosing  angular  fragments  of  felsites  and  grey  and  black  shale. 
The  felsite-lapilli  vary  in  texture,  some  of  them  presenting  beautiful  flow- 
structure.  The  stones  are  stuck  at  random  through  each  bed,  the  largest 
being  often  at  the  bottom.  The  beds  of  breccia  vary  from  a  few  inches  to 
a  foot  or  more  in  thickness.  There  can,  I  think,  be  little  doubt  that  each 
of  these  breccia-bands  points  to  a  single  volcanic  explosion,  whereby  felsitic 
fragments  were  thrown  out,  mingled  with  pieces  of  the  Silurian  strata  through 
which  the  vents  were  drilled.  In  a  vertical  thickness  of  some  fifty  feet  of 
rock  there  must  thus  lie  a  record  of  ten  or  twelve  such  explosions. 

Nearer  the  active  vents  the  fragmental  deposits  become,  as  usual,  coarser 
and  thicker.  But  I  have  not  observed  any  thick  masses  of  tuflf  like  those 
of  North  Wales.  So  far  as  my  examination  has  gone,  the  tuffs  are  mainly 
felsitic.  The  so-called  "  greenstone-ash  "  of  the  Survey  maps  is  certainly  in 
many  cases  not  a  true  tuff*.  This  term  was  proposed  by  Jukes  for  certain 
apple-green  to  olive-brown  flaky  fissile  rocks  only  found  "in  association  with 
masses  of  greenstone." '  Some  years  ago  I  had  occasion  to  make  a  series  of 
traverses  in  Wicklow  and  Wexford,  and  then  convinced  myself  that  in  that 
part  of  the  country'  the  "  greenstone-ashes  "  were  probably  crushed  bands  of 
basic  sills.  Dr.  Hatch  has  proved  this  to  be  their  origin  from  a  series 
of  microscopic  slides  prepared  from  specimens  collected  by  himself  on  the 
ground.^  In  other  cases  the  "greenstone-ashes"  seem  to  be  excessively- 
cleaved  or  sheared  felsites,  which  have  acquired  a  soapy  feel  and  a  dull  green 
colour ;  but  they  also  do  include  true  tuffs.  Thus,  in  one  instance,  at  Bally- 
voyle  cross-roads,  in  the  south  of  County  Waterford,  a  "greenstone-ash" 
is  a  dull  green  tuff*  full  of  fragments  of  felspar  (chiefly  plagioclase)  and 
pieces  of  dark  andesitic  lavas.  Another  example  may  be  found  to  the  west 
of  the  Metal  Man,  near  Tramore,  where  the  tuflf  is  full  of  fragments  of 
felspar  and  shale  cemented  in  a  greenish-yellow  material  which  may  be 
palagonite. 

The  felsites  of  the  south-east  of  Ireland  form  by  much  the  largest 
proportion  of  the  whole  volcanic  series.  They  occur  as  lenticular  sheets 
from  a  few  feet  to  several  hundred  feet  in  thickness,  and  occasionaUy 
traceable  for  some  miles.  On  the  whole,  they  are  compact  dull  grey  rocks, 
weathering  with  a  white  crust.  A  geologist  familiar  with  the  contemporary 
lavas  of  North  Wales  cannot  fail  to  l>e  struck  with  the  absence  of  the  coarse 
flow-structure  so  often  cliaracteristic  of  the  felsites  in  that  region.  This 
structure,  indeed,  is  not  entirely  absent  from  the  Irish  rocks,  but  it  occurs, 
so  far,  at  least,  as  I  have  seen,  rather  as  a  fine  streakiness  than  in  the  lx)ld 

^  See  Explanation  of  Sheets  167,  168,  178  and  179,  Geol.  Surv.  Ireland,  p.  66. 
2  Explanation  of  Sheets  129,  130,  p.  13  (1869).  ^  Explanation  of  Sheets  138,  189. 
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lenticular  bands  so  common  in  Caernarvonshire.     In  like  manner  the  nodular 
structure,  though  not  entirely  absent,  is  rare.^ 

Until  these  felsites  have  been  subjected  to  more  detailed  investigation, 
little  can  be  said  as  to  their  petrography,  and  as  to  the  points  of  resemblance 
or  diflference  between  them  and  those  of  other  Lower  Silurian  districts  in 
the  United  Kingdom.  An  important  step,  however,  in  this  direction  was 
taken  by  Dr.  Hatch,  who  studied  them  on  the  ground,  in  the  laboratorj^ 
and  with  the  microscope.  He  found  that  some  of  them  were  soda-felsites 
or  keratophyres  (with  albite  as  their  felspar),  that  others  were  potash-felsites 
(with  orthoclase  as  their  felspar),  while  a  third  group  contained  both  soda 
and  potash,  the  last-named  greatly  preponderating.'  The  existence  of  soda- 
felsites  had  not  been  previously  detected  among  British  volcanic  rocks,  and 
it  remains  to  be  seen  how  far  they  may  occur  in  the  large  and  somewhat 
varied  group  of  rocks  combined  imder  the  general  term  "felsites."  Dr. 
Hatch  believed  that  these  rocks  probably  graduate  into  the  normal  or 
orthoclase  felsites ;  but  it  has  not  yet  been  possible  to  test  this  view  on 
-the  ground,  nor  to  ascertain  whether  there  is  any  essential  difference  between 
the  mode  of  occurrence  of  the  two  types. 

Besides  the  more  abundant  felsites,  occasional  bands  of  andesite  have 
been  detected.  Various  other  eruptive  rocks  occur,  probably  in  most  or 
all  cases  intrusive.  Such  are  quartz-mica-diorites,  quartz -diorites,  augite- 
diorites  or  proterobases,  dolerites,  gabbros,  diabases  and  epidiorites.^ 

I  have  said  that  the  chief  theatre  of  eruption  lay  towards  the  south-west 
end  of  the  volcanic  belt  of  the  south-east  of  Ireland.  The  coast-line  of 
County  Waterford,  from  Tramore  westward  to  Ball}^oyle  Head — a  distance 
of  nearly  fifteen  miles — presents,  perhaps,  the  most  wonderful  series  of  sections 
of  volcanic  vents  within  the  British  Islands.  No  one  coming  from  the 
inland  is  prepared  for  either  the  striking  character  of  the  cliff  scenery  or 
the  extraordinary  geological  structure  there  presented,  for  the  country  is, 
on  the  whole,  rather  featureless,  and  much  of  it  is  smoothed  over  and 
obscured  by  a  covering  of  drift,  through  which  occasional  knobs  of  the 
harder  felsites  protrude.  The  cliffs  for  mile  after  mile  range  from  100 
to  150  or  200  feet  in  height,  and  present  naked  vertical  walls  of  rock, 
trenched  by  occasional  gullies,  through  which  a  descent  may  l^e  made  to 
the  beach.  Throughout  the  whole  distance  agglomerates  and  felsites  succeed 
each  other  in  bewildering  confusion,  varied  here  and  there  by  the  inter- 
calation of  Lower  Silurian  shales  and  limestones  involved  and  pierced  l)y  the 
igneous  rocks.  Hardly  any  bedded  volcanic  material  is  to  be  recognized  from 
one  end  to  the  other.  The  sea  has  laid  bare  a  succession  of  volcanic  vents 
placed  so  close  to  each  other  that  it  will  be  difWcult  or  impossible  to  separate 
them  out.  A  careful  study  and  detailed  mapping  of  this  marvellous  coast- 
section,  however,  is  a  task  well  worthy  of  the  labour  of  any  one  desirous 

*  In  Waterford  nodular  felsites  occur  with  concretious  vary i  11;^  from  the  size  of  a  jiea  to  several 
inches  in  diameter.     Explanation  to  Sheets  167,  168,  178  and  179,  p.  11. 
»  Explanation  of  Sheets  138,  139,  p.  49  ;  and  dcol,  Mntj,  1889,  ]>.  545. 
'  Guide  to  Irish  Hock-Collectiotis,  pp.  34,  35. 
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of  making  himself  acquainted  with  some  of  the  conditions  of  volcanism 
during  older  Palaeozoic  time. 

At  the  east  end  of  the  section,  black  shales  containing  Llandeilo 
graptolites,  and  calcareous  bands  full  of  Bala  fossils,  dip  westward  below  a 
group  of  soda-felsites  and  felsitic  tufifs,  which  seem  to  lie  quite  conformably 
on  these  stratii.  Here,  then,  we  start  with  proof  that  the  volcanic  eruptions 
of  this  locality  Ijegan  during  some  part  of  the  Bala  period.  But  immedi- 
ately to  the  west,  these  bedded  igneous  rocks  are  broken  through  by  a  neck 
of  coarse  agglomerate  stuck  full  of  chips  and  blocks  of  shale,  some  of  them 
a  foot  long,  with  abundant  fragments  of  scoriform  and  flinty  felsites.  Some 
columnar  dykes  of  dolerite  cut  through  the  neck,  and  a  larger  intrusion 
seems  to  have  risen  up  the  same  funnel.  The  bedded  tufts  appear  £^in  for 
a  sliort  distance,  but  they  are  soon  replaced  by  a  tumultuous  mass  of 
agglomenite.  And  from  this  part  of  the  coast  onwards  for  some  distance 
all  is  disorder. 

The  agglomerates  are  crowded  with  blocks  of  various  felsites  and  micro- 
granites  sometimes  18  inches  in  diameter,  many  of  them  presenting  the 
most  exquisite  streaky  flow-structure.  The  angularity  of  these  stones  and 
the  abrupt  truncation  of  their  lines  of  flow  prove  that  they  were  derived 
from  the  shattering  of  ajready  consolidated  rocks.  In  other  places  the 
ejected  materials  consist  almost  wholly  of  black  shale  fragments,  but  with 
an  intermixture  of  feLsite-lapilli. 

It  is  difficult  to  convey  an  adequate  idea  of  the  way  in  which  the 
agglomerates  are  traversed  by  dykes,  veins  and  bosses  of  various  felsites, 
and  of  how  these  break  in  endless  confusion  through  each  other.  Some 
of  the  intrusive  rocks  are  compact  and  amorphous,  others  are  vesicular, 
others  close-grained  and  columnar.  Again  and  again  they  present  the 
most  perfect  flow-structure,  and  it  is  noticeable  that  the  lines  of  flow  follow 
the  inequalities  of  the  walls  of  the  Assure  up  which  the  rock  has  ascended, 
and  not  only  so,  but  even  of  tlie  surfaces  of  detached  blocks  of  shale  or 
felsite  which  have  been  caught  up  and  enclosed  in  the  still  moving 
mass. 

A  few  of  these  intrusive  rocks  were  examined  in  thin  slices  by  Ur. 
Hatch.  Most  of  them  appear  to  be  soda-felsites,  but  they  include  alsi) 
rather  decomi>osed  rocks,  some  of  which  are  probably  diorites  and  quartz- 
diorites.      Occasionally,  thoroughly  basic  dykes  (dolerite)  may  be  observed. 

In  the  midst  of  this  tumultuous  asseml)lage  of  volcanic  masses,  repre- 
senting the  roots  of  a  grouj)  of  ancient  vents,  there  occur  occasional 
interspaces  occupied  by  ordinary  stratified  rocks.  In  the  eastern  part  of 
the  section  these  consist  mainly  of  black  shale,  sometimes  with  calcareous 
bands,  from  which  a  series  of  Bala  fossils  has  been  obtained.^  A  very 
cui-sorv  examination  suffices  to  show  that  these  intei'calations  do  not  mark 
pauses  in  the  volcanic  eruptions.  They  are,  in  fact,  portions  of  the  marine 
accumulations  imder  the  sea-floor  through  which  the   vents  were  blown : 

*  But  see  the  Ctcol.  Surinj  Mnnoir  on  Sheets  167,  168,  178  and  179,  Ireland  (1865),  p.  28,  for 
a  description  of  the  association  of  Bala  and  Llandeilo  fossils  on  that  coaat-line. 
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they  have  been  tossed  about,  crushed  and  invaded  by  dykes  and  veins  of 
felsite. 

But  certain  other  intercalated  strips  of  stratified  rocks  present  a  special 
interest,  for  they  bring  before  us  examples  of  volcanic  ashes  that  gathered 
on  the  sea-floor,  but  which  were  disrupted  by  later  explosions.  Thus,  at  the 
Knockmahon  headland,  well-bedded  felspathic  grits  and  ashy  shales  occur, 
thrown  in  among  the  general  mass  of  eruptive  material.  As  I  have  already 
remarked,  it  is  difficult  or  impossible  to  fix  the  horizons  of  the  stratified 
patches  that  are  involved  among  the  igneous  ejections  of  this  coast-section, 
save  where  they  contain  recognizable  fossils,  but  the  intercalation  of  true 
bedded  tuffs  among  them  is  a  proof  that  volcanic  action  had  been  in 
operation  there  long  before  the  outbreak  of  the  vents  which  are  now  laid 
bare  along  the  cliffs. 

In  the  south-east  of  Ireland  there  is  the  usual  association  of  acid  and 
basic  sills  with  the  evidence  of  a  superficial  outpouring  of  lavas  and  ashes. 
But  these  intrusive  masses  play  a  much  less  imposing  part  than  in  Wales. 
They  may  be  regarded,  indeed,  as  bearing  somewhat  the  same  proportion  to 
the  comparatively  feeble  display  of  extrusive  rocks  in  this  region  that  the 
abimdant  and  massive  sheets  of  Merionethshire  and  Caernarvonshire  do  to 
the  enormous  piles  of  lavas  and  tuffs  which  overlie  them. 

Among  the  acid  intrusive  slieets  the  most  conspicuous  are  those  mapped 
by  the  Survey  as  "  elvans."  These  rocks,  as  they  occur  in  Wicklow  and 
Wexford,  have  been  examined  by  Dr.  Hatch,  who  finds  them  to  be  micro- 
granitic  in  structure,  occasionally  exhibiting  micropegmatitie  or  granophyric 
modifications.^  The  true  stratigraphical  relations  of  these  rocks  have  not 
yet  been  adequately  investigated.  Those  of  them  which  occur  on  the  flanks 
of  the  great  granite  ridge  are  not  improbably  connected  with  that  mass,  and 
if  so  are  much  younger  than  the  Lower  Silurian  volcanoes." 

The  basic  sills,  or  "greenstones,"  consist  largely  of  diabase,  frequently 
altered  into  epidiorite ;  they  include  also  varieties  of  diorite.^  That  they 
were  intruded  before  tlie  plication  and  cleavage  of  the  rocks  among  which 
they  lie  is  well  shown  by  their  crushed  and  sheared  margins  where  they  are 
in  thick  mass,  and  by  their  cleaved  and  almost  schistose  condition  where 
they  are  thinner.  The  intense  compression  and  crushing  to  which  they 
have  been  subjected  are  well  shown  by  the  state  of  their  component 
minerals,  and  notably  by  the  paramorphism  of  tlie  original  augite  into 
hornblende. 

ITie  scarcity  of  dykes  associated  with  Silurian  volcanic  action  is  as 
noticeable  in  the  south-east  of  Ireland  as  it  is  in  Wales.  I  have  observed 
a  considerable  number,  indeed,  but  they  are  confined  to  the  line  of  old  vents 
on  the  Waterford  coast,  and,  but  for  the  clear  cliff-sections  cut  by  the 
sea,   they  would    certainly  have    escaped    observation,  for    they  make  no 

1  Explanation  of  Sheets  138  and  139,  \^,  53. 

'  The  Leinster  granite  is  certainly  later  than  the  Lower  Silurian  rocks  and  older  than  the 
Carboniferous  rocks  of  the  south-east  of  Ireland.  It  may  Iwlong  to  the  great  epoch  of  granite 
protrusion  during  the  Old  Red  Sandstone  period.  ^  Dr.  Hatch,  oiu  cit.  p.  49. 
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feature  on  the  ground  in  the  interior.  They  are  sometimes  distinctly 
columnar,  and  vary  from  less  than  a  foot  to  many  yards  in  width.  They 
traverse  both  the  agglomerates  and  the  intrusive  felsites.  Most  of  them  are 
of  felsite,  sometimes  cellular ;  but  in  some  cases  they  are  dolerites.  There 
is  obviously  no  clue  to  the  dates  of  these  dykes. 

That  some  at  least  of  the  vents  along  the  south  coast  of  County 
Waterford  may  be  vastly  younger  than  the  Lower  Silurian  rocks  through 
which  they  have  forced  their  way  is  suggested,  if  not  proved,  by  a  section 
which  is  in  some  respects  the  most  extraordinary  of  the  whole  of  this 
remarkable  series.  The  occurrence  of  a  group  of  red  strata  was  carefully 
noted  by  the  late  Mr.  Du  Noyer  at  Ballydouane  Bay,  when  he  was  engaged 
in  carrying  on  the  Geological  Survey  of  that  part  of  the  country.  At  first 
he  regarded  them  as  belonging  to  the  Old  Red  Sandstone,  which  comes  on 
in  gi'eat  force  only  a  few  miles  to  the  west ;  but  he  subsequently  arrived  at 
the  belief  that  they  are  really  an  integral  part  of  the  Lower  Silurian  rocks 
of  the  district.  Professor  Jukes  had  previously  expressed  himself  in  favour 
of  this  latter  idea,  which  was  thought  to  receive  support  from  the  occur- 
rence of  some  reddish  strata  in  the  Lower  Silurian  rocks  of  Tagoat,  County 
Wexford.^ 

The  occurrence  of  red  rocks  among  Silurian  strata,  which  are  not 
usually  red,  might  quite  reasonably  be  looked  for  in  the  neighbourhood  of 
Old  Red  Sandstone,  Permian  or  Triassic  deposits.  If  these  deposits  once 
spread  over  the  Silurian  formations,  a  more  or  less  decided  "  raddling "  of 
the  latter  may  have  taken  place.  But  in  the  present  instance,  though  the 
Old  Red  Sandstone  begins  not  many  miles  to  the  west,  no  such  explanation 
of  the  colour  of  the  strata  is  possible.  The  cliffs  of  Ballydouane  Bay 
consist  of  red  sandstone,  red  sandy  shale  and  conglomerate.  The  red  tint 
is  of  that  dull  chocolate  tone  so  characteristic  of  the  Lower  Old  Red  Sand- 
stone. The  conglomerates  are  immense  accumulations  of  ancient  shingle, 
consisting  largely  of  pieces  of  white  vein-quartz  and  quartzite,  sometimes  a 
foot  long  and  often  well  water-worn.  Some  of  the  sandy  beds  are  full  of 
large  scales  of  white  mica,  as  if  derived  from  some  granitic  or  schistose 
region  at  no  great  distance.  Taken  as  a  whole,  the  strata  are  much  less 
indurated  and  broken  than  the  Silurian  grits  and  shales  of  the  district; 
some  of  them,  indeed,  weather  into  mere  incoherent  sand  that  crumbles 
under  the  fingers.  There  does  not  appear  to  be  any  positive  proof  that  the 
red  rocks  are  truly  bedded  with  the  ordinary  Silurian  strata,  the  junctions 
being  faulted  or  obscured  by  intrusive  igneous  masses. 

Nowhere  in  the  British  Islands,  so  far  as  I  am  aware,  is  there  a  similar 
group  of  strata  among  the  Lower  Silurian  rocks.  If  they  l)elong  to  so 
ancient  a  series,  they  show  that  in  the  south  of  Ireland,  during  Lower 
Silurian  time,  there  arose  a  set  of  peculiar  physical  conditions  precisely  like 
those  that  determined  the  accumulation  of  the  Old  Red  Sandstone  in  the 
same  region  at  a  later  geological  period.     And  in   that  case  it  is  hardly 

1  Explanation  of  Sheets  167,  168,  178  and  179  of  the  Geological  Survey  of  Ireland  (1865),  pp. 
10,  69. 
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possible  to  conceive  that  these  conditions  could  have  been  confined  to  the 
extreme  south  of  Ireland.  We  should  certainly  expect  to  meet  with 
evidence  of  them  elsewhere,  at  least  in  tlie  same  Silurian  region.^ 

While  I  hesitate  to  express  a  decided  opinion  in  opposition  to  the 
conclusions  of  such  experienced  observers  as  Jukes  and  Du  Noyer,  I  incline 
to  believe  that  the  rocks  in  question  really  l^elong  to  the  Old  Eed  Sandstone. 
If  such  shall  finally  be  determined  to  be  their  geological  position,  they  will 
supply  evidence  that  some  at  least  of  the  volcanic  vents  of  the  coast-line 
cannot  be  older  than  the  Old  Red  Sandstone.  They  are  pierced  by  masses 
of  soda-felsite  and  by  a  coarse  red  agglomerate  containing  abundant  pieces 
of  felsite.  These  volcanic  rocks  belong  to  the  same  type  as  those  which 
break  through  the  undoubted  Silurian  rocks  on  either  side.  They  may 
thus  come  to  prove  a  recrudescence  of  volcanic  energy  in  this  same  district 
at  a  much  later  geological  period ;  and  a  new  problem  will  arise  to  task  the 
skill  of  the  most  accomplished  field-geologist  and  petrographer — to  unravel 
the  structure  and  history  of  this  chain  of  volcanic  vents,  and,  in  so  doing, 
to  detect  and  separate  the  eruptions  of  Lower  Silurian  time  from  those  of 
the  Lower  Old  Eed  Sandstone. 

In  the  far  west  of  Ireland,  another  group  of  Lower  Silm-ian  volcanoes  has 
left  its  remains  in  the  mountainous  tract  of  country  between  the  western 
shores  of  Lough  Mask  and  Killary  Harbour.*-  There  appear  to  have  been  at 
least  three  separate  centres  of  eruption  along  a  line  stretching  in  a  north- 
easterly direction  for  about  16  miles  from  the  western  end  of  Lough  Nafooey 
to  the  hamlet  of  Derrindaffdery  beyond  Tourmakeady,  where  the  older  rocks 
are  unconformably  overlain  by  the  lower  Carboniferous  stratix.  As  shown 
by  the  mapping  of  the  Geologicid  Survey,  the  most  northerly  area,  which 
may  be  called  the  Tourmakeady  centre,  has  a  breadth  of  about  a  mile,  and 
dies  out  southward  after  a  course  of  nearly  six  miles.  About  a  mile  to  the 
south-west  of  the  last  visible  prolongation  of  its  rocks,  we  encounter  a  second 
volcanic  centre  which  occupies  an  area  of  about  a  square  mile  in  the  valley 
of  Glensaul.  The  third  centre  stretches  from  the  western  shores  of  Lough 
Mask  across  Lough  Nafooey,  where  it  forms  a  mass  of  high  rugged  ground, 
and  reaches  a  length  of  some  six  or  seven  miles  before  it  finally  dies  out.^ 

*  The  nearest  approach  of  any  Sihirian  group  of  strata  to  the  character  of  these  conglomerates 
18  famished  by  the  remarkably  coarse  conglomerates,  boulder-beds  and  pebbly  grits  of  the  liala 
and  Llandovery  series  in  the  region  between  Killary  Harbour  and  Lough  Mask,  to  which  further 
reference  is  made  in  a  later  part  of  this  chapter. 

•  Tliis  group  was  placed  in  the  Upj»er  Silurian  series  by  the  officers  of  the  Geological  Survey  wlio 
mapped  the  region  (see  Sheets  84,  85,  94  and  95  of  the  Geological  ^fap  of  Ireland  and  accomj)anying 
Explanation),  and  on  their  testimony  I  formerly  referred  to  the  volcanic  rocks  as  of  Upper 
Silarian  age.  Mr.  Baily,  however,  had  pointed  out  that  the  limestone  associated  with  the  lavas 
and  agglomerates  contains  Bala  fossils.  Yet,  in  spite  of  this  i)alaiontological  testimony,  the  fossils 
were  considered  to  be  **  derivative,"  and  the  rocks  were  removed  from  the  series  of  formations  to 
which  they  would  naturally  be  assigned.  A  recent  examination  of  the  ground,  in  company  with 
Mr.  J.  R.  Kilroe  of  the  Geological  Survey,  has  satisfied  me  tliat  the  volcanic  rocks  are  inter- 
stratified  with  sedimentary  dei)osits  of  Bala  age,  and  must  conscrjuently  be  grouped  witli  the 
rest  of  the  Lower  Silurian  series  of  Ireland.    The  results  of  this  examination  are  given  in  the  text. 

'  These  areas  were  carefully  mapped  for  the  Survey  by  Mr.  Nolan,  and  the  lines  of  division 
marked  by  him  fairly  represent  the  general  distribution  of  the  rocks. 
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The  rocks  in  each  of  these  three  areas  are  similar.  One  of  their  dis- 
tinguishing features  is  the  intercalation  among  them  of  a  fossiliferous  lime- 
stone and  calcareous  fossiliferous  tuifs,  which  contain  well-preserved  species 
of  organisms  characteristic  of  the  Bala  division  of  the  Lower  Silurian  rocks.^ 
There  cannot  be  any  question  that  these  organisms  were  living  at  the  time 
the  strata  in  which  their  remains  occur  are  found.  The  most  delicate 
parts  of  the  sculpture  on  Illwnus  Bowmanni  and  Orthis  elegantula  are  well 
preserved.  Nor  have  the  limestones  l^een  pushed  into  their  present  places 
by  volcanic  agency,  or  by  faults  in  the  terrestrial  crust.  They  are  not  only 
regularly  intercalated  among  the  volcanic  rocks,  but  the  limestone  in  some 
places  aljounds  in  volcanic  dust,  while  above  it  come  calcareous  tufis,  also  con- 
taining the  same  fossils.  It  is  thus  clearly  established  that  the  volcanic 
series  now  to  be  de8cril)ed  has  its  geological  age  definitely  fixed  as  that  of 
the  Bala  period. 

The  lavas  of  the  Lough  Mask  region  consist  of  felsites  and  andesites 
with  rocks  of  i)robal)ly  more  Imsic  composition.  The  felsites  are  generally 
quartziferous  poq)hyries,  which  occupy  a  considerable  space  in  each  of  the 
three  districts.  To  what  extent  they  are  intrusive  rather  than  interstrati- 
fied  remains  for  investigation.  Some  of  them  have  imdoubtedly  invaded 
other  members  of  the  volcanic  series.  But,  on  the  other  hand,  fragments 
of  similar  quartz-porphyries  and  felsites  abound  in  the  intercalated  bands  of 
volcanic  breccia. 

The  andesites  and  more  basic  lavas  are  finely-crystalline  or  compact,  dull- 
green  to  chocolate-puqJe  rocks,  often  resembling  the  "  porphyrites  "  of  the 
Old  Bed  Sandstone.  Some  of  them  are  strongly  vesicular,  the  cavities  being 
filled  with  calcite  on  fresh  fracture,  though  qmpty  on  weathered  surfaces. 
The  sack-like  or  pillow  structure,  already  referred  to  as  characteristic  of  many 
Lower  Silurian  lavas,  appears  conspicuously  among  some  of  these  rocks.  At 
Bohaun,  nine  miles  south  from  Westport,  where  a  prolongation  of  the  volcanic 
series  rises  to  the  surface  from  under  the  overlying  coarse  conglomerates,  I 
observed  that,  owing  to  the  compression  which  the  rocks  have  there 
undergone,  the  pillow-sha[>ed  blocks  have  been  squeezed  together  into  rudely 
polygonal  forms,  while  their  vesicles  have  been  greatly  drawn  out  in  the 
direction  of  tension.  Where  the  rocks  have  been  still  more  sheared,  the 
distinct  pillow-shaped  blocks  with  their  vesicular  structure  disappear,  while 
the  more  fine-grained  crusts  that  surround  them  have  been  broken  up  and 
api^ear  as  fragments  involved  in  a  matrix  of  green  schist. 

Intercalated  with  the  lavas  are  numerous  bands  of  volcanic  breccia  and 
fine  tuft*.  The  stones  in  these  breccias  consist  chiefly  of  various  felsites  with 
andesites  and  more  basic  lavas.  But  pieces  of  jasper,  chert,  shale  and  grit 
are  not  infrequent.  In  some  places  abundant  blocks  of  black  shale  are  to  be 
noticed,  probably  derived  from  the  Llandeilo  group  which  exists  below,  and 
wliich  has  here  and  there  been  ridged  up  to  the  surface  in  the  midst  of  the 

^  See  tlie  list  of  fossils  as  determined  by  Mr.  Baily  in  Explanatory  Memoir  to  accompany  Sheets 
73,  74,  83  and  84  of  the  Creological  Survey  of  Ireland,  p.  68  (1876). 
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volcanic  rocks.^  Near  Shangort  I  noticed  in  one  of  these  breccias  one  block 
measuring  12  feet,  another  20  feet  in  length  and  3  or  4  feet  thick,  composed 
of  alternating  bands  of  grit  and  slate.  It  is  interesting  to  note  that  these 
strata  had  alrwidy  undergone  cleavage  before  disruption,  the  bands  of  slate 
being  strongly  cleaved  obliquely  to  the  bedding.  Xone  of  the  Llandeilo  or 
other  rocks  in  the  neighbourhood  display  this  structure.  The  blocks  seem 
to  have  been  derived  from  some  deeper  group  of  strata.  They  are  laid 
down  parallel  with  the  rude  bedding  of  the  breccia  in  which  tliey  lie. 

The  fine  tuffs  and  thin  ashy  limestones  associated  with  the  thicker 
band  of  limestone  show  the  renewal  of  volcanic  explosions  after  the  interval 
marked  by  the  calcareous  deposit  which  is  sometimes  30  or  40  feet  thick. 
In  many  places  this  limestone  is  brecciated  and  much  mingled  with  volcanic 
dust  and  lapilli.  At  Shangort,  for  example,  the  thick  tolerably  pure 
limestone  is  truncated  on  the  west  and  north  sides  by  a  coarse  agglomerate 
probably  filling  a  volcanic  vent.  A  few  hundred  yards  further  north, 
beyond  the  interrupting  agglomerate,  the  limestone  reappears  on  the  same 
line  of  strike,  but  is  then  found  to  be  nodular  and  brecciated  and  much 
mingled  with  volcanic  detritus.      It  lies  among  ashy  grits  and  tuffs. 

The  general  structure  of  the  ground  occupied  by  the  Lough  Mask  volcanic 
rocks  is  diagrammatically  represented   in   Fig.  64.      The  thickness  of  the 
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Fio.  64. — Diagram  of  the  general  relations  of  the  ditfeivnt  groups  of  rook  in  tlie  Lower  Silurian  volcanic 

district  along  the  western  shore  of  Lougli  Mask. 

o,  LlandAflo  Hhalen,  cherts  a««l  gritw  ;  b,  Volcanic  breccias  ;  *-,  Felsites  jiml  andesites  ;  </,  Tuffs  aixl  asliy  grits  and 
shales  ;  «,  Limestone  with  Bala  fossils  ;  /,  Calcareous  tuffs  and  thin  l»inls  of  ashy  lini»»stone  with  fossils  ;  (/, 
Coarse  conglomerate  and  grits  ;  /i,  Wenlock  strata  resting  unconforniably  on  the  Bala  rocks  and  jmssing  south- 
wards flrom  these  to  overlie  an  older  series  of  schists  ;  *,  Fault. 

volcanic  series  must  amount  to  many  hundred  feet,  but  it  has  not  been 
pi*ecisely  determined.  The  uppermost  parts  of  tlie  series  pass  under  a  great 
thickness  of  coarse  conglomerates  and  pebbly  grits  wliich  form  the  ridge 
of  Fonnnamore,  and  stretch  thence  westwards  along  Killary  Harbour  and 
through  the  Mweelrea  mountains.  These  straUi  are  classed  as  tlie  Up})er 
Silurian  on  the  Geological  Survey  map.  Since,  however,  they  conformably 
overlie  rocks  containing  Bala  fossils,  and  in  the  Killary  district  include 
green  shales  which  have  yielded  fossils  of  the  same  age,  they  doubtless 
belong  in  large  part  to  the  Lower  Silurian  division.  The  reniarkal^le 
coarseness  of  these  conglomerates  towards  the  south,  and  their  rapid 
passage   into  much   finer    grits   and   shales   towards    the    north,    probably 


*  In  re-examining  this  region,  Mr.  Kilroe  has  found  in  the  stream  west  of  the  monastery, 
Tourmakeady,  an  uprise  of  graptolitic  black  shale  containing  forms  belonging  to  the  very  lowest 
Llandeilo  or  Upper  Arenig  strata,  and  a  similar  band  above  Leenane,  Killary  Harbour. 


254  THE  SILURIAN  VOLCANOES  book  iv 


indicate  that  they  were  formed  close  to  the  shores  of  a  land  composed  of 
schistose  rocks,  quartzite  and  granite,  of  which  the  mountainous  tracts  of 
Conneniara  are  the  last  relics. 

A  base  to  the  volcanic  series  is  found  in  the  occasional  uprise  of  a  short 
axis  of  Llandeilo,  or  perhaps  even  upper  Arenig  strata,  containing  bands  of 
dark  chert  and  black  graptolitic  shales.  Unfortunately  the  relations  of  these 
underlying  rocks  to  the  volcanic  masses  are  not  very  clear,  being  obscured 
by  superficial  accumulations  and  also  by  faulting.  It  is  thus  hardly 
possible  to  be  certain  whether  they  pass  up  conformably  into  the  base  of  the 
volcanic  series,  or  are  covered  by  it  unconformably. 

The  position  of  this  isolated  volcanic  district  in  the  far  west  of  Ireland, 
the  abundance,  variety  and  thickness  of  the  erupted  materials,  and  the  definite 
intercalation  of  these  materials  in  the  Bala  or  highest  division  of  the  Lower 
Silurian  series,  acquire  a  special  interest  from  the  history  of  the  nearest 
Silurian  volcanic  area  which  has  now  to  be  described — that  of  the  western 
shores  of  the  Dingle  promontory. 

II.  The  Upper  Silurian  Series 

The  latest  volcanic  eruptions  of  Silurian  time  yet  definitely  known  took 
place  during  the  accumulation  of  the  Wenlock  and  Ludlow  rocks  in  the  far 
west  of  Ireland.  No  satisfactory  record  of  any  contemporaneous  phenomena 
of  a  like  kind  has  yet  been  met  with  in  any  other  Upper  Silurian  district 
in  the  British  Isles,  unless  at  Tortworth  in  Gloucestershire,  as  above 
described.  So  far  as  at  present  known,  only  one  centre  of  activity  has 
been  preserved.  It  lies  among  the  headlands  of  Kerry,-  where  the  land 
projects  furthest  west  into  the  stormy  Atlantic.  The  occurrence  of  volcanic 
rocks  in  this  remote  area  and  their  geological  horizon  have  been  clearly 
indicated  on  the  maps  of  the  Geological  Survey.  More  than  thirty  years, 
however,  have  elapsed  since  some  of  the  mapping  was  done,  and  we  must 
therefore  l)e  prepared  to  find  it,  more  especially  in  its  petrography,  capable 
of  modification  and  improvement  now. 

In  the  country  known  as  the  Dingle  promontory,  these  traces  of  con- 
temporaneous volcanic  rocks  are  to  be  observed  at  various  localities  and 
on  several  horizons.  To  the  east,  near  Anascaul,  on  the  northern  shore 
of  Dingle  Bay,  some  tufls  occur  in  what  are  believed  to  be  Llandovery 
strata.  But  it  is  on  the  western  coast,  among  the  headlands  and  coves 
that  lie  to  the  north  and  south  of  Clogher  Head,  that  the  best  sections 
are  to  be  seen.  The  succession  of  the  rocks  in  this  locality  was  well 
worked  out  by  Du  Noyer,  and  the  Memoir  prepared  by  him,  with  the 
general  introduction  by  Jukes,  is  an  invaluable  guide  to  the  geologist  who 
would  explore  this  somewhat  inaccessible  region.^  The  most  important 
correction  that  will  require  to  be  made  in  the  work  arises  from  a  mistake  as 
to  the  true  nature  of  certain  rocks  which  were  described  as  pisolitic  tuffs, 
but  which  are  nodular  felsites. 

*  Sheets  160  and  171  of  the  one-inch  map,  and  Memoir  on  Sheets  160,  161,  171  and  172. 
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By  far  the  most  striking  geological  feature  of  this  singularly  interesting 
and  impressive  co6ist-line  is  to  be  found  in  the  interstratification  of  lavas 
with  bands  of  tuff  among  abundantly  fossiUferous  strata  which,  from  their 
organic  contents,  are  unmistakably  of  the  age  of  the  Wenlock  group.  These 
lavas  occur  in  a  number  of  sheets,  separated  from  each  other  by  tuffs  and 
other  fragmental  deposits.  Tliey  thus  point  to  a  series  of  eruptions  over 
a  sea-bottom  that  teemed  with  Upper  Silurian  life.  Tliey  consist  for  the 
most  part  of  remarkably  fine  typical  nodular  felsites.  The  nodules  vary  in 
dimensions  from  less  than  a  pea  to  the  size  of  a  hen's  egg.  They  are  some- 
times hollow  and  lined  with  quartz-crystals.  They  vary  greatly  in  number, 
some  parts  being  almost  free  from  them  and  others  entirely  made  up  of 
them.  The  matrix,  where  a  fresh  fracture  can  be  obtained,  is  homy  in 
texture,  and  often  exhibits  an  exceedingly  beautiful  and  fine  fiow-structure. 
On  weathered  faces  there  may  be  seen  thick  parallel  strips  and  lenticles  of 
flow-structure  like  those  of  the  Snowdon  lavas.  The  upper  portions  of  some 
of  the  sheets  enclose  fragments  of  foreign  rocks.  The  microscopic  examina- 
tion of  a  few  slices  cut  from  these  lavas  shows  them  to  be  true  felsites 
(rhyolites)  composed  of  a  microcrystalline  aggregate  of  quartz  and  felspar, 
with  layers  and  patches  of  cryptocrystalline  matter,  and  only  occasional 
porphyritic  crystals  of  orthoclase  and  plagioclase. 

The  pyroclastic  rocks  associated  with  these  lavas  vary  from  exceedingly 
fine  tuff  to  coarse  agglomerate.  Some  of  the  finer  tuffs  contain  pumiceous 
fragments  and  pieces  of  grey  and  red  shale ;  they  pass  into  fine  ashy  sand- 
stones and  shales,  crowded  with  fossils,  and  into  gravelly  breccias  made  up 
of  fragments  of  different  volcanic  rocks. 

But  the  most  extraordinary  of  these  intercalated  fragmental  strata  is 
a  breccia  or  agglomerate,  about  15  feet  thick,  which  lies  in  a  thick  group  of 
fossiliferous  dull-yellow,  ashy  and  ochreous  sandstones.  The  stones  of  this 
bed  consist  chiefly  of  blocks  of  different  felsites,  varying  up  to  tliree  feet  in 
length.  Some  of  them  show  most  perfect  flow-structure ;  others  are  spongy 
and  cellular,  like  lumps  of  pumice.  The  calcareous  sandstone  on  the  top  of 
the  breccia  is  crowded  with  fossils  chiefly  in  the  form  of  empty  casts,  and 
the  same  material,  still  full  of  brachiopods,  crinoids,  corals,  etc.,  fills  up  the 
interstices  among  the  blocks  down  to  the  bottom  of  the  breccia,  wliere 
similar  fossiliferous  strata  underlie  it. 

Nowhere  has  the  volcanic  history  of  a  portion  of  Paheozoic  time  been 
more  clearly  and  eloquently  recorded  than  in  this  remote  line  of  cliffs  swept 
by  the  gales  of  the  Atlantic.  We  see  that  the  ordinary  sedimentation 
of  Upper  Silurian  time  was  quietly  proceeding,  fine  mud  and  sand  being 
deposited,  and  enclosing  the  remains  of  the  marine  organisms  that  swarmed 
over  the  sea-bottom  when  volcanic  eruptions  began.  First  came  discharges 
of  fine  dust  and  small  stones,  which  sometimes  fell  so  lightly  as  not  seriously 
to  disturb  the  fauna  on  the  sea- floor,  but  at  other  times  followed  so  rapidly 
and  continuously  as  to  mask  the  usual  sediment  and  form  sheets  of  tuff  and 
volcanic  gravel.  Occasionally  there  would  come  more  paroxysmal  explosions, 
whereby  large  blocks  of  lava  were  hurled  forth  until  they  gathered  in  a 


256  THE  SILURIAN  VOLCANOES  book  iv 


thick  layer  over  the  bottom.  But  the  life  that  teemed  in  the  sea,  though 
temporarily  destroyed  or  driven  out,  soon  returned.  Corals,  crinoids  and 
shells  found  their  way  back  again,  and  fine  sediment  carried  their  remains 
with  it  and  filled  up  the  crevices.  The  ejected  volcanic  blocks  are  thus 
enclosed  in  a  highly  fossiliferous  matrix. 

A  succession  of  lava-streams,  of  which  the  strongly-nodular  sheet  of 
Clogher  Head  is  the  thickest  and  most  conspicuous,  mark  the  culmination 
of  the  volcanic  energy,  and  show  how  at  this  late  part  of  the  Silurian  period 
felsites  that  reproduce  some  of  the  most  striking  peculiarities  of  earlier  time 
were  once  more  poured  out  at  the  surface.  A  few  more  discharges  of  tuff 
and  the  outflow  of  a  greenish  flinty  felsite  brought  this  series  of  eruptions 
to  an  end,  and  closed  in  Britain  the  long  and  varied  record  of  older  Palaeozoic 
volcanic  activity.^ 

^  As  this  sheet  is  passing  through  tlie  press,  the  interesting  paper  by  Messrs.  S.  H.  Reynolds 
and  C.  J.  Gardiner,  "On  the  Kildare  Inlier"  has  appeared  {Quart.  Joum,  Geol.  Soc,  voL  Hi.  p. 
587).  These  authors  give  petrographical  details  regarding  the  lavas,  which  they  show  to  be 
andesites  and  Imsalts  of  Bala  age,  associated  with  highly  fossiliferous  tuffs. 
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THE    DEVONIAN    VOLCANOES 


TiiROUOHOUT  the  whole  region  of  the  British  Isles,  wherever  the  uppermost 
strata  of  the  Siluriau  system  can  be  seen  to  graduate  into  any  later  series  of 
sedimentary  deposits,  tliey  are  found  to  pass  up  conformably  into  an 
enormous  ac<Jumulation  of  red  sandstones,  marls,  cornstones,  and  con- 
glomerates, which  have  long  been  groui>ed  together  under  the  name  of 
"  Old  Eed  Sandstone."  In  England  and  Wales,  in  Scotland  and  in  Ireland, 
this  upward  succession  is  so  well  shown  that  at  first  British  geologists 
were  naturally  disposed  to  l)clieve  it  to  represent  the  normal  order  of  the 
geological  record.  When,  however,  Sedgwick  and  Murchison  demonstrated 
that  in  the  counties  of  Devon  and  Cornwall  a  very  dilfei-ent  group  of  stratii 
contained  an  abundant  assemblage  of  organic  remains,  including  types  which 
Lonsdale  showed  to  be  intermediate  betwc^en  those  of  the  Silurian  and  the 
Carboniferous  systems ;  when,  moreover,  tliis  palicontologiwil  facies  of  the 
south-west  of  England,  termed  by  its  discoverei's  "  Devonian,"  was  found  to 
be  abundantly  developed  on  the  Continent,  and  to  be  there  indt^ed  the 
prevalent  stratigraphical  type  of  the  formations  intervening  Ijetween  Silurian 
and  Carboniferous,  geologists  began  to  perceive  that  the  Old  Eed  Sandstone 
must  be  regarded  as  the  i-ecord  of  peculiar  lo(?al  conditions  of  sedimentation, 
while  the  Devonian  type  was  evidently  the  more  usual  development  of  the 
same  geological  j)eriod. 

From  the  remote  Shetland  Isles,  across  the  whole  of  Scotland  and 
England,  down  to  the  northern  shores  of  the  Bristol  Channel,  the  Old  Red 
Sandstone  maintains  its  general  characters.  Nowliere,  indet^l,  are  these 
characters  more  typically  developed  than  in  South  Wales,  where  many 
thousands    of   feet    of   red  sediments,  almost  entirely   devoid  of   organic 
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remains,  emerge  from  under  the  escarpments  of  Carboniferous  Limestone, 
and  stretch  into  broad  uplands  until  they  are  lost  at  the  top  of  the  Silurian 
system. 

But  when  the  geologist  crosses  the  Bristol  Channel  to  the  opposite 
shores  of  North  Devon,  he  encounters  a  remarkably  diflfei-ent  assemblage  of 
rocks.  It  is  true  that  he  has  not  yet  been  able  to  detect  there  any  equivalents 
of  the  uppermost  Silurian  strata  of  Glamorganshire,  nor  does  he  find  any 
conspicuous  band  of  Carboniferous  Limestone,  such  as  that  which  encircles 
the  Welsh  Coal-field.  He  is  thus  unable  to  start  from  a  known  definite 
horizon  in  the  attempt  to  work  out  the  order  of  succession,  either  in  an 
upward  or  downward  direction.  Lithological  characters  likewise  afford  him 
no  means  of  establishing  any  satisfactory  parallelism.  As  he  follows  the 
Devonian  strata,  however,  he  finds  them  to  disapi)ear  conformably  under  the 
Culm-measures,  which,  though  strangely  unlike  the  Carboniferous  strata  on 
the  opposite  coast,  are  yet  proved  by  their  fossils  to  belong  to  the  Carbon- 
iferous system.  Hence  the  Devonian  type,  like  the  Old  Red  Sandstone,  is 
proved  to  be  immediately  anterior  to,  and  to  graduate  into,  the  Carboniferous 
rocks. 

There  is  no  stratigraphical  change  in  Britain  so  rapid  and  complete  as 
that  from  the  Old  Red  Sandstone  on  the  one  side  of  the  Bristol  Channel  to 
the  Devonian  series  on  the  other.  No  satisfactor}'  explanation  has  yet  been 
found  for  this  sudden  transformation,  which  still  remains  one  of  the 
unsolved  problems  in  British  geology. 

As  the  observer  follows  the  Devonian  assemblage  across  the  land  to  the 
southern  coast-line,  he  is  conscious  that  its  general  characters,  both  litho- 
logical and  palieontological,  depart  more  and  more  from  the  type  of  the  Old 
Red  Sandstone,  and  approacli  more  closely  to  the  common  Devonian  facies  of 
the  Continent.  He  is  forced  to  admit  that  the  Old  Red  Sandstone,  not- 
withstanding its  extensive  development  in  Britain,  must  be  regarded  {is  an 
exceptional  type  of  sedimentation,  while  the  Devonian  facies  represents 
that  which  is  most  widely  prevalent,  not  only  in  Europe,  but  generally 
over  the  world. 

The  broad  estuary  of  the  Bristol  Channel  unfortunately  conceals  from 
view  tlie  tract  which  lies  between  the  typical  Old  Red  Sandstone  of 
Glamorganshire  and  the  typical  Devonian  formations  of  Devonshire. 
Whether  this  intervening  space  of  some  fifteen  miles  was  occupied  by 
a  physical  barrier,  which  separated  the  respective  areas  of  deposit  of 
these  two  types,  or  the  circiunstances  of  sedimentation  in  the  one  region 
merged  insensibly  into  those  of  the  other,  must  remain  matter  for 
speculation. 

The  geographical  conditions  betokened  by  the  Old  Red  Sandstone  will 
be  considered  in  the  next  chapter.  There  can  be  no  doubt  that  those 
indicated  by  the  Devonian  system  were  marine.  The  organic  remains  so 
plentifully  distributed  through  the  argillaceous  and  arenaceous  sediments  of 
that  system,  and  so  crowded  together  in  its  limestones,  were  obviously 
denizens  of  the  open  sea.     Yet  the  only  tract  of  Britain  over  which  this 
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sea  ciin  be  shown  to  have  spread  was  the  south  of  England  To  the  north 
of  that  belt,  the  site  of  Britain  during  Devonian  time  appears  to  have  been 
partly  land  and  partly  wide  water-basins  in  which  the  Old  Ked  Sandstone 
was  deposited. 

In  that  half  terrestrial  half  hicustrine  territory  that  stretched  north- 
wards to  beyond  the  Shetland  Isles,  many  volcanoes  were  active,  of  wliich 
the  chronicles  will  be  described  in  later  pages.  The  most  southerly  of 
these  centres  of  eruption  yet  known  was  the  district  of  the  Clieviot  Hills. 
Throughout  the  rest  of  England  and  Wales  no  trace  of  any  contemporary 
volcanic  action  has  been  detected  in  the  Old  Red  Sandstone.  It  is  true 
that  over  most  of  that  region  rocks  of  this  age  have  been  concealed  under 
younger  formations.  Yet  throughout  Wales,  where  the  Old  Red  Sandstone 
attains  so  vast  a  thickness,  and  covers  so  wide  an  area,  it  has  not  yet 
yielded  a  vestige  of  any  contemporaneous  volcanic  eruptions. 

But  over  the  sea-floor  tliat  covered  the  south  of  England,  and  stretched 
thence  into  the  heart  of  Europe,  abundant  volcanoes  have  left  behind  them 
proofs  of  their  activity.  The  first  geologist  who  recognized  these  proofs 
and  traced  their  extent  on  the  ground  appears  to  have  teen  De  la  Beche, 
who,  by  his  detailed  maps  and  careful  description  of  the  igneous  rocks  of 
Devonshire,  did  so  much  to  advance  the  study  of  ancient  volcanic  action. 
This  gi^eat  pioneer  not  only  determined  the  former  existence  of  Dev^onian 
volcanoes,  but  he  was  likewise  the  first  to  detect  and  map  the  volcanic  rocks 
associated  with  the  Carboniferous  and  "  Xew  Red  Sandstone  "  formations  of 
the  same  region.  The  broad  outlines  traced  by  him  among  the  volcanic 
products  of  these  three  geological  periods  in  the  south-west  of  England 
still  remain  but  little  changed.  Nor  are  they  likely  to  be  much  improved 
until  the  ground  is  resurveyed  on  a  larger  and  more  accurate  map,  and 
with  better  petrographical  equipment  than  were  available  in  his  day. 

Xot  long  after  tlie  observations  of  De  la  Beche  came  those  of  A.  C. 
(jrodwin -Austen,  who  devoted  much  time  to  a  sedulous  exploration  of  the 
rocks  of  South  Devon,  and  satisfied  himself  that  contemporaneous  volwmic 
sheets  were  intercalated  among  the  limestones  of  that  district.  "  The  coral 
limestones,"  he  says,  "  are  in  many  places  superincumbent  on  great  sheets  of 
volcanic  materials,  with  which,  in  some  instances,  as  at  North  Whilborough, 
they  alternate."  He  pointed  out  that  the  interstratified  volcanic  rocks  are 
of  two  periods,  one  Devonian  and  the  other  Carboniferous.^ 

In  his  Geological  Maps  of  Devon  and  Cornwall,  which  are  to  the  present 
time  those  issued  by  the  Geological  Survey,  De  la  Beche  made  no  attempt 
to  discriminate  between  the  varieties  of  igneous  rocks,  save  that  the  basic 
"  greenstones "  were  distinguished  from  the  acid  bosses  of  granite  and  the 
elvans.  But  in  his  classic  "  Report "  much  more  detail  was  inserted,  showing 
that  he  clearly  recognized  the  existence  both  of  volcanic  ashes  and  of  lavas, 
as  well  as  of  intrusive  sheets.  At  the  outset  of  his  account  of  the  "  Grau- 
wacke,"  he  remarks  that  the  sedimentary  deposits  are  accompanied  with 
igneous   products,  "a  portion  of  which   may  also  be  termed  sedimentary, 

^  Tram.  Oeol,  Soc.  2nd  ser.  vol.  vi.  (1842),  pp.  465,  470,  473. 
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inasmuch  as  it  would  seem  to  have  been  deposited  in  beds  among  con- 
temporaneous rocks  of  the  former  description  by  the  agency  of  water,  after 
having  been  ejected  from  fissures  or  craters  in  the  shape  of  ashes  and 
cinders,  precisely  as  we  may  now  expect  would  happen  with  the  ashes  and 
cinders  ejected  from  volcanoes,  particularly  insular  and  littoral  volcanoes, 
into  the  sea.^  Again  he  speaks  of  "  two  kinds  of  trappean  rocks  having 
probably  been  erupted,  one  in  the  state  of  igneous  fusion,  and  the  other  in 
that  of  ash,  during  the  time  that  the  mud,  now  forming  slates,  was  deposited, 
the  mixtures  of  volcanic  and  sedimentary  materials  being  irregular  from  the 
irregular  action  of  the  respective  causes  which  produced  them ;  so  that  though 
the  one  may  have  been  derived  from  igneous  action,  and  the  other  from 
the  ordinary  abrasion  of  pre-existing  solid  rocks,  they  were  geologically  con- 
temporaneous." 2  He  recognized  the  origin  of  the  amygdaloidal  varieties  of 
rock,  and  by  dissolving  out  the  calcite  from  their  cells  showed  how  close 
was  their  resemblance  to  modern  pumice.^ 

Since  these  early  researches  many  geologists  have  studied  the  igneous 
rocks  of  Devonshire.  I  would  especially  refer  to  the  labours  of  Mr. 
Allport,*  the  late  J.  A.  Phillips;'*  Mr.  Eutley,*^  the  late  Mr.  Champer- 
nowne,^  Mr.  W.  A.  E.  Ussher,^  Mr.  Hobson,^  and  General  M'Mahon.^®  Mr. 
Champernowne  in  particular  has  shown  the  abundance  of  volcanic  material 
among  tlie  rocks  of  Devonsliire,  and  the  resemblance  which  in  this  respect 
they  offer  to  the  Devonian  system  of  North  Germany. 

Unfortunately  the  geological  structure  of  the  Pala30zoic  rocks  of  the 
South-west  of  England  has  been  complicated  to  an  amazing  extent  by 
plication  and  fracture,  with  concomitant  cleavage  and  metamorphism. 
Hence  it  is  a  Uisk  of  extreme  difficulty  to  trace  out  with  any  certainty 
definite  stratigraphical  horizons,  and  to  determine  the  range  of  contem- 
poraneous volcanic  action.  Mr.  Ussher  has  shown  with  what  success  this 
task  may  be  accomplished  when  it  is  pursued  on  a  basis  of  minute  mapping, 
combined  with  a  sedulous  collection  and  determination  of  fossils.^^  But 
years  must  necessarily  elapse  before  such  detailed  work  is  carried  over  the 
whole  Devonian  region,  and  probably  not  till  then  will  the  story  of  the 
volcanic  history  of  the  rocks  be  adequately  made  out. 

In  the  meantime,  it  has  been  established  that  while  there  is  a  singular 

'  "Report  on  the  Geology  of  Cornwall,  Devon  and  \Vest  Somerset,"  Mem,  Gad.  Surrrif, 
1839,  p.  :J7.  '^  Op.  cit.  p.  57.  '  Op.  cit.  pp.  57,  61. 

■*  Quart.  Journ.  Ucol.  Soc.  xxxii.  (1876),  j).  418. 

»  0]).  cit.  xxxi.  (1875)  p.  325,  xxxii.  (1876)  p.  155,  xxxiv.  (1878)  j..  471. 

«  ••  Brent  Tor,"  3/em.  Ocol.  Surt\  p.  18;  Quart.  Journ.  Geol.  ^W.  lii.  (1896),  p.  66. 

^  See  in  iwirticular  his  last  pai>er  "On  tlie  Aslijirington  Volcanic  SeriCvS  of  South  Devon," 
Quart.  Journ.  Gcol.  Soc.  vol.  xlv.  (1889),  p.  369. 

"  Tliis  geologist  has  si)ent  many  laborious  yeai's  in  the  investigation  of  the  geology  of  Devon- 
shire, and  has  published  numerous  i)apers  on  the  subject,  in  the  TransaxUions  of  the  Dcronskire 
Association  and  of  the  Jloyal  Cornwall  Geological  Society  ^  in  the  Proceedings  of  the  Somersetshire 
Archscological  and  Xatural  History  Society^  and  of  the  Geologists'  Association,  in  the  Geological 
Magazine^  and  the  Quarterly  Jo^unuil  of  the  Geological  Soci^^ty.  Reference  may  esi)ecially  be  made 
to  liis  Memoir  in  the  last  named  journal,  vol.  xlvi.  (1890),  p.  487. 

»  Q^vart.  Journ.  Geol.  Soc.  xlviii.  (1892),  p.  496. 
^"  Op.  cit.  xlix.  (1893),  p.  385.  *'  See  Memoir  cited  in  a  previous  note. 
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absence  of  igneous  rocks  in  North  Devon,  a  strip  of  country  extending  from 
Newton  Abbot  and  Torqiuiy  westwards  by  Plymouth  across  Cornwall  to 
Penzance  contains  abundant  records  of  volcanic  action.  It  has  not  yet 
been  possible  to  map  out,  among  what  were  formerly  all  grouped  together 
as  "  greenstones,"  the  respective  limits  of  the  bedded  lavas  and  the  tuffs,  to 
distinguish  the  true  sills,  and  to  fix  on  the  position  of  the  chief  vents  of 
eruption.  So  intense  have  been  the  compression  and  shearing  of  the  rocks 
that  solid  sheets  of  diabase  have  been  crushed  into  fissile  schists,  which  can 
hardly  be  distinguished  from  tuffs.  Moreover,  owing  perhaps  in  large 
measure  to  the  mantle  of  red  Permian  (or  Triassic)  strata,  which  has  been 
stripped  off  by  denudation  from  large  tracts  of  this  region  once  overspread 
by  it,  the  Devonian  rocks  have  been  deeply  "  raddled,"  or  stained  red.  But 
probably  one  of  the  main  sources  of  difficulty  in  studying  the  petrograi)hy 
of  the  area  is  to  be  found  in  the  results  of  atmospheric  weathering.  Devon- 
shire lies  in  that  southern  non-glaciated  strip  of  England,  where  the  rocks 
have  been  undergoing  continuous  decay  since  long  before  the  Ice  Age. 
No  ploughshare  of  ice  has  there  swept  off  the  deep  weathered  crust,  so  as  to 
leave  hard  surfaces  of  rock,  fresh  and  bare,  imder  a  protecting  sheet  of 
boulder-clay.  It  is  seldom  that  a  really  fresh  piece  of  any  igneous  rock 
can  be  procured  among  the  lanes  and  shallow  pits  of  »Devon,  where  alone, 
for  the  most  part,  the  materials  are  exposed. 

Much,  therefore,  remains  to  be  done,  both  in  the  stratigraphy  and 
petrography  of  the  Devonian  volcanic  rocks  of  this  country.  To  the  late 
J.  A.  Phillips  geology  is  indebted  for  tlie  first  detailed  chemical  and 
microscopical  investigation  of  these  rocks.  He  clearly  showed  the  truly 
volcanic  origin  of  many  of  the  so-called  "  greenstones."  He  believed  that 
certain  "slaty  blue  elvans,"  which  he  found  to  have  a  composition 
identical  with  that  of  altered  dolerites,  might  be  highly  metamorphosed 
tuflfe,  and  that  others  might  have  been  originally  sheets  of  volcanic  mud. 
After  studying  the  chemical  composition  and  minute  structure  of  a  large 
collection  of  "  greenstones,"  he  demonstrated  that  in  all  essential  particulars 
they  were  dolerites,  though  somewhat  altered  from  their  original  character.^ 
Subsequently  they  were  studied  by  Dr.  Hatch,  who  found  the  fresher 
specimens  generally  to  possess  an  ophitic  structure,  while  some  are  granular, 
others  porphyritic.*'^ 

Although  the  rocks  have  undergone  so  mucli  crushing,  solid  cores  of 
them,  showing  the  original  structure,  may  be  obtained,  also  examples  of  the 
amygdaloidal,  vesicular  or  slaggy  character.  They  occur  in  sheets  either 
singly  or  in  groups,  and  appear  generally  to  be  regularly  interstratified  in 
the  slates  and  grits.  While  some  of  tliese  intercalations,  especially  the 
amygdaloidal  sheets,  may  be  true  superficial  lavas,  it  can  hardly  be  doubted 
that  others  are  sills,  especially  those  whicli  assume  the  crystalline  structure 

*  See  especiaUy  Quart.  Journ.  GeoL  Hoc.  vols,  xxxii.  and  xxxiv. 

'  A  few  of  the  eruptive  rocks  of  Devonshire  have  recently  been  studied  by  K.  Busz.  He 
finds  most  of  his  specimens  (chiefly  from  the  Torquay  district)  to  be  varieties  of  diabase,  but 
describes  a  paleopicrite  from  Higliweek  near  Newton  Bushel,  and  a  kersantite  from  South 
Brent  on  the  south-east  edge  of  Dartmoor  {Ntu€$  Jahrh,  1896,  p.  57). 
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and  composition  of  gabbros,  and  show  an  entire  absence  of  the  vesicular 
structure.  But  no  one  has  yet  attempted  to  separate  the  two  types  from 
each  other. 

With  these  rocks  are  associated  abundant  diabase-tuffs  (schalst^in), 
frequently  mingled  with  ordinary  non-volcanic  detrital  matter,  and  shading 
off  into  the  surrounding  grits  and  slates.  There  is  thus  clear  evidence  of 
the  outpouring  of  basic  lavas  and  showers  of  ashes  during  the  Devonian 
period  in  the  south-west  of  England,  under  conditions  analogous  to  th«se 
which  characterized  the  deposition  of  the  Devonian  system  in  Nassau  and 
the  Harz. 

The  exact  range  of  these  eruptions  in  geological  time  has  still  to  !« 
ascertained.  So  far  as  at  present  determined,  volcanic  activity  was  not 
awakened  during  the  accumulation  of  the  Lower  Devonian  formations.  It 
was  not  until  the  sporadic  coral-reefs  and  shell-banks  had  grown  up,  which 
form  the  basement  limestones  of  the  Middle  Devonian  group,  that  the  firet 
eruptions  took  place.  As  Godwin  Austen,  Champernowne  and  Mr.  Ussher 
have  shown,  some  of  these  reefs  wei'e  overwhelmed  with  streams  of  lava  or 
buried  under  showere  of  ashes.  The  volcanic  discharges,  however,  were 
peculiarly  local,  probably  from  many  scattered  vents,  and  never  on  any 
great  scale.  Some  districts  remained  little  or  not  at  all  affected  by  them, 
so  that  the  growth  of  limestone  went  on  without  interruption,  or  at 
least  with  no  serious  l)reak.  In  other  areas  again  the  place  of  the  lime- 
stone is  taken  by  volcanic  materiala 

The  chief  epoch  of  this  volcanic  action,  marked  by  the  "  Ashprington 
Volcanic  Series,"  appears  to  have  occurred  about  midway  in  the  Middle 
Devonian  period.  But  in  certain  districts  it  extended  into  Upi)er 
Devonian  time.  Intrusive  sills  of  diabase  may  mark  the  later  phases  of  the 
volcanic  history.  But  the  occurrence  of  such  sills  even  in  the  Upper 
Devonian  rocks,  and  the  alteration  of  the  strata  in  contact  with  them 
(spilosite),  point  to  the  continuance  or  renewal  of  subterranean  disturbance 
even  in  the  later  Devonian  ages,  if  not  in  subsequent  geological  time. 
That  volcanic  activity  accompanied  the  deposition  of  the  Carboniferous  rocks 
of  Devonshire  has  long  been  well  known  (see  Chapter  xxix.). 


CHAPTER  XVI 

THE  VOLCANOES  OF  THE  OLD  RED  SANDSTONE 

Geological  Revolutions  at  tlie  close  of  the  Silurian  Period — Physical  Geography  of  the 
Old  Red  Sandstone — Old  Lake-basins,  their  Flora  and  Fauna — Abundance  of 
Volcanoes — History  of  Investigation  in  the  Subject. 

We  now  enter  upon  the  consideration  of  the  records  of  a  notable  era  in  tlie 
geological  evolution  of  nortli-western  Europe.  Up  to  the  close  of  the 
Silurian  period  the  long  history  embodied  in  the  rocks  presents  a  constant 
succession  of  slowly  sinking  sea-floors.  Wide  tracts  of  oce4in  stretched  over 
most  of  Europe,  and  across  the  shifting  bottom,  sand  and  mud,  waslied  from 
lands  that  have  long  vanished,  spread  in  an  ever-accumulating  pile.  Now 
and  then,  some  terrestrial  movement  of  more  than  usual  potency  upraised 
this  monotonous  sea-bed,  but  the  old  conditions  of  ceaseless  waste  con- 
tinued, and  fresh  sheets  of  detritus  were  thrown  down  upon  the  broken-up 
heaps  of  older  sediment.  All  through  the  vast  cycles  of  time  denoted  by 
these  accumulations  of  strata,  generations  of  sea-creatun*s  came  and  went  in 
long  procession,  leaving  their  relics  amidst  the  ooze  of  the  bottom.  Genera 
and  faniilies,  once  abundant,  gradually  died  out,  and  gave  phice  to  others,  the 
onward  march  of  life  being  slow  Imt  uninterrupted.  Of  the  land  of  the 
time  or  of  the  plants  and  animals  that  lived  on  its  surface,  hardly  anything 
is  known.  The  chronicles  that  liave  come  down  to  us  are  almost  whollv 
records  of  the  vicissitudes  of  the  ocean-l)ed. 

Over  the  centre  and  south  of  Euroi)e,  the  marine  conditions  of  Silurian 
time  were  prolonged,  tis  we  have  seen,  into  the  next  period,  when  the 
Devonian  formations  were  deposited.  In  that  wide  region,  no  marked  break 
has  been  traced  between  either  the  sedimentation  or  tlie  animal  life  of  the 
Silurian  and  Devonian  periods.  But  in  the  north-west  of  Europe  a  striking 
departure  took  place  from  the  protracted  monotony  of  marine  conditions. 
By  a  series  of  terrestrial  movements  tliat  affected  the  area  lying  to  tlie 
north  of  the  line  of  the  Bristol  Channel,  and  extended  not  only  to  the 
furthest  limit  of  the  British  Isles,  but  probiibly  as  far  as  Norway,  and 
perhaps  even  into  northern  Russia,  the  previous  widespread  conditions  of 
marine  sedimentation  were  entirely  altered.  Instead  of  the  fine  oceanic 
silts  and  sands  with  their  abundant  organic  i*emains,  and  the  thick  lime- 
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stones  with  their  masses  of  coral  and  crowds  of  crinoids,  there  were  now 
laid  down,  over  these  northern  regions,  vast  piles  of  deep  red  sediment,  from 
which  traces  of  animal  life  are  almost  wholly  absent.  The  shelving  land 
against  which  these  ferruginous  sands  and  gravels  gathered  can  still  in  part 
be  recognized.  As  the  observer  follows  its  margin,  notes  the  varying  local 
peculiarities  of  its  sediment,  and  detects,  sometimes  in  great  abundance, 
remains  of  the  vegetation  which  clothed  it,  the  conviction  grows  in  his 
mind  that  the  remarkable  contrast  between  these  deposits,  known  as  the 
Old  Eed  Sandstone,  and  those  of  the  Silurian  and  Devonian  systems  is  not 
to  be  accounted  for  by  any  mere  rearrangement  of  the  sea-bottom,  or  re- 
distribution of  the  land  that  supplied  that  sea-bottom  with  sediment.  It 
has  long  been  the  general  belief  among  geologists  that  the  subterranean 
movements  which,  over  the  greater  part  of  Britain,  brought  the  deposition 
of  the  Upper  Silurian  formations  to  a  close,  led  to  a  total  alteration  of  the 
geography  of  the  region  affected,  that  the  sea  -  floor  was  elevated,  and 
that,  over  the  upraised  tract,  large  lakes  or  inland  seas  were  eventually 
formed,  in  which  the  peculiar  sediments  of  the  Old  Eed  Sandstone  were 
accumulated. 

The  records  of  this  series  of  geographical  changes  are  too  fragmentiirj' 
to  enable  us  to  follow,  except  in  a  very  general  way,  the  sequence  of  events 
in  the  transformation  of  the  Silurian  sea  into  the  peculiar  topographical 
conditions  in  which  the  Old  Eed  Sandstone  was  laid  down. .  While  there 
was  a  wdde-spread  elevation  of  the  sea-floor,  and  of  such  ridges  of  insular 
land  as  may  have  risen  above  sea-level,  the  uplieaval  appears  to  have  been 
of  a  somewhat  complicated  kind,  and  to  have  been  combined  with  many 
local  subsidences.  The  area  of  disturbance  was  probably  thrown  into  a 
series  of  parallel  ridges  and  troughs,  the  foiiner  continuing  to  be  pushed 
upward,  while  the  latter  tended  to  subside.  The  ridges  thus  became  land 
surfaces,  and  their  prolonged  elevation  may  have  more  or  less  compensated 
for  the  denudation  to  which,  on  their  emergence,  they  were  necessarily 
exposed.  The  troughs,  on  the  other  hand,  which  sank  down,  may  in  many 
cases  have  subsided  below  the  sea.  But  where  the  general  upheaval  of  the 
crust  was  most  pronounced,  some  of  the  depressions  would  be  isolated  above 
sea-level  and  become  lake-basins  in  the  terrestrial  areas. 

Of  some  of  these  w^ater-basins  the  outlines  can  still  in  some  measure  l)e 
defined.  The  rocks  tliat  rose  into  hills  around  them,  and  from  which  their 
enormous  accumulations  of  detritus  were  derived,  still  partially  survive.  We 
can  explore  these  piles  of  sediment,  and  from  them  can  form  some  idea  of  the 
condition  of  the  water  in  the  lakes,  and  the  nature  of  the  vegetation  on 
the  surrounding  land.  The  frequent  occurrence  and  exceeding  coarseness  of 
the  conglomerates,  which  appear  on  many  successive  horizons  throughout 
the  deposits  of  these  basins,  probably  indicate  contemporaneous  terrestrial 
disturbances.  The  same  causes  that  led  to  the  wrinkling  of  the  crust  into 
parallel  ridges  and  troughs  no  doubt  still  continued  in  operation.  From 
time  to  time  the  ridges,  much  worn  down  by  prolonged  denudation,  were 
pushed   upward,  either  by  gradual  uprise   or   by  more  rapid  jerks.     The 
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troughs  may  in  like  manner  have  been  still  affected  by  their  old  tendency 
to  subsidence.  Hence,  in  spite  of  the  effects  of  degradation  and  deposition, 
it  is  possible  that  the  ridges  may  not,  on  the  whole,  have  varied  much  in 
height,  nor  the  basins  in  depth,  during  the  time  when  thousands  of  feet  were 
stripped  off  the  land  and  strewn  in  detritus  over  the  bottoms  of  the  lakes. 

Let  us  try  to  realize  a  little  more  definitely  tlie  general  aspect  of  the 
region  in  which  the  Old  Eed  Sandstone  water-basins  lay.  As  the  axes  of  the 
folds  into  which  the  crust  of  the  earth  was  thrown  ran  in  a  north-east  and 
south-west  direction,  they  gave  this  trend  to  the  lakes  and  to  the  tracts  of 
land  that  separated  them.  These  intervening  ridges  must  in  some  instances 
have  been  hilly  or  even  mountainous.  Thus,  the  Scottish  Highlands  rose 
between  two  of  the  lakes,  and  poured  into  them  an  abundant  tribute  of 
gravel,  sand  and  silt.  The  terrestrial  vegetation  of  the  time  has  been 
partially  preserved  The  hills  seem  to  have  been  clothed  with  conifers, 
while  the  lower  slopes  and  swamps  were  green  w4th  sigillaria^,  lepidodendra 
and  calamites.  One  of  the  most  characteristic  plants  was  Psilophytoriy  of 
which  large  matted  sheets  were  drifted  across  the  lakes  and  entombed  in 
the  silt  of  the  bottom.  A  grass-like  vegetation,  with  long  linear  leaves, 
seems  to  have  grown  thickly  in  some  of  the  shallows  of  the  lakes. 

Of  the  land  animals  we  have  still  less  knowledge  than  of  the  vegetation. 
Doubtless  various  forms  of  insect  life  flitted  through  the  woodlands,  though 
no  relics  of  their  forms  have  yet  l)een  recovered.  But  the  remains  of 
myriapods  have  been  found  in  Forfarshire.^  These  early  relics  of  the 
animal  life  of  the  land  inhabited  the  woodlands,  like  our  modern  gally- 
worms,  and  were  swept  down  into  the  lakes,  together  with  large  quantities 
of  vegetation. 

Some  of  the  lakes,  especially  in  the  earlier  part  of  their  history, 
abounded  in  eurypterid  Crustacea.  These  animals  inhabited  the  seas  in 
Upper  Silurian  time,  and  appear  to  have  been  isolated  in  the  water-basins 
of  the  Old  Eed  Sandstone.  Certain  species  of  Pterygotus,  a  Silurian  genus 
found  also  in  the  Lower  Old  Red  Sandstone,  reached  a  length  of  six  feet. 
But  the  most  abundant  forms  of  animal  life  were  fishes.  These  furnish 
additional  evidence  in  favour  of  the  lacustrine  nature  of  the  watei*s  in  which 
they  lived  Such  characteristically  marine  forms  as  the  sharks  and  rays  of 
the  Silurian  seas  were  replaced  by  genera  of  Acanthodians,  Ostracoderms, 
Dipnoids,  Teleostomes,  Placoderms,  and  Palieoniscids,  which  abounded  in 
the  more  northerly  waters.  The  distinctive  outw^ard  characters  of  many 
of  these  early  vertebrates  were  their  bony  scales  and  plates.  Some  of  them 
had  their  heads  encased  in  an  armature  of  bone,  of  large  size  and  massive 
thickness.  In  several  genera  the  bone  was  coated  with  a  layer  of  glitter- 
ing enamel.  Even  now,  after  the  vast  lapse  of  time  since  their  day,  the 
cuirasses  and  scale-armour  of  these  fishes  keep  their  bright  sheen  in  the 
hardened  sand  and  mud  from  which  they  are  disinterred. 

A  difference  is  observable  between  the  faunas  of  the  different  water- 
basins.     Even  where   the   same   genus  occurs   in   two   adjacent   areas,  the 

*  Mr.  B.  N.  Peach,  Proceedings  of  Hoy  a  I  Physical  Society  of  Edinburyh^  vol.  vii.  (1882). 
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species  are  often  distinct.  Two  large  lakes,  separated  by  the  tract  of  the 
Scottish  Highlands,  had  each  its  own  assemblage  of  fishes,  not  a  single 
genus  being  common  to  the  two  basins.  Such  contrasts,  whether  the  two 
lakes  were  geologically  contemporaneous,  or  the  northern  arose  later  than 
the  southern,  undoubtedly  indicate  long-continued  isolation  and  the  gradual 
evolution  of  new  forms  imder  different  conditions  of  environment^ 

Such,  in  brief,  were  the  aspects  of  the  physical  geography  of  the  time  on 
the  further  consideration  of  which  we  are  now  to  enter.  The  subterranean 
disturbances,  so  characteristic  of  the  period,  were  accompanied  by  a  display 
of  volcanic  activity  more  widespread,  perhaps,  than  any  which  had  yet  taken 
place  in  the  geological  history  of  Britain.  Nevertheless,  it  is  worthy  of  remark- 
that  this  manifestation  of  underground  energy  did  not  begin  with  the  com- 
mencement of  these  displacements  of  the  crust.  The  earliest  eruptions  only 
took  place  after  the  geography  of  the  region  had  been  completely  changed; 
at  least  no  trace  of  them  is  to  be  found  in  the  earliest  portions  of  the  Old 
Eed  Sandstone.  After  the  last  lingering  Silurian  volcanoes  in  the  west  of 
Ireland  had  died  out,  a  protracted  quiescence  of  the  subterranean  fires 
ensued.  In  the  latest  ages  of  Silurian  time  there  was  not  in  Britain,  so  far 
as  at  present  known,  a  single  volcanic  eruption.  Not  until  after  the  in- 
auguration of  the  Old  Red  Sandstone  topogi-aphy,  when  the  lakes  had 
taken  shape  and  had  l)egun  to  be  filled  with  sediment  from  the  sun'ounding 
hills,  did  a  series  of  new  volcanoes  burst  into  activity  over  the  northern 
half  of  Britain.  Rising  in  the  midst  of  the  lakes  in  groups  of  separate 
cones,  these  vents  poured  out  floods  of  lava,  together  with  clouds  of  ashes 
and  stones.  Their  sites,  the  history  of  their  eruptions,  and  the  piles  of 
material  ejected  by  them,  can  still  l)e  ascertained,  and  I  shall  now  proceed 
to  give  some  account  of  them. 

The  thick  mass  of  sedimentary  material  known  as  the  Old  Red  Sand- 
stone, lying  between  the  top  of  the  Silurian  and  the  base  of  the  Carlwn- 
iferous  system,  has  been  divided  into  two  sections,  which,  however,  are  of 
unequal  dimensions,  and  doubtless  represent  very  unequal  periods  of  time. 
The  older  series,  or  Lower  Old  Red  Sandstone,  is  by  far  the  more  important 
and  interesting  in  its  extent,  thickness,  palfcontological  riches,  and,  what 

^  In  my  memoir  "On  the  Old  Red  Sandstone  of  \Vestern  Europe"  {Traiis,  Roy.  Soc,  EdtH. 
vol.  xxviii.  1878),  I  argued  for  the  probable  geological  contemporaneity  of  the  conglomerates, 
sandstones  and  flagstones  on  either  side  of  the  Grampian  chain,  even  although  their  organic 
contents  were  so  unlike.  The  stratigraphical  evidence  favours  this  view.  In  each  case  a  thick 
series  of  strata  is  covered  unconformably  by  Upper  Old  Red  Sandstone,  containing  Holoptychiu» 
nobilissunus  and  other  fishes.  The  question  cannot  perhaps  be  definitely  settled  by  the  data 
available  in  Scotland.  It  is  quite  possible  that  the  basin  on  the  northern  side  of  the  Grampians, 
which  I  have  termed  "  Lake  Orcadie,"  came  into  existence  after  that  on  the  southern  side.  But 
I  do  not  think  the  differences  in  their  res|)ective  faunas  are  to  be  accounted  for  simply  by  laiise 
of  time  and  the  gradual  organic  evolution  in  progress  over  one  continuous  region.  The  more 
the  Old  Red  Sandstone  is  studied,  the  more  local  do  its  various  fish-faunas  appear  to  have  beeu. 
These  strongly  -  marked  diversities  appear  to  me  rather  to  point  to  prolonged  isolation  of  the 
basins  from  each  other,  as  stated  above.  Dr.  Traquair  has  drawn  attention  to  the  remarkable 
fact  that,  even  in  what  appears  to  be  one  continuous  series  of  strata  of  no  great  thickness  form- 
ing the  Upper  Old  Red  Sandstone  of  the  Moray  Firth  basin,  the  fishes  found  about  Nairn  are 
entirely  different  from  those  met  with  in  the  rest  of  the  region. 
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specially  concerns  us  in  tlie  present  inquiry,  in  its  volcanic  records. 
Wherever  its  true  base  can  be  seen,  this  series  passes  down  conformably 
into  Upper  Silurian  strata.  It  sometimes  re^iches  a  thickness  of  15,000 
and  even  20,000  feet.  There  is  generally  a  marked  break  l)et\veen  its 
highest  visible  strata  and  all  younger  formations.  Even  the  upiXM* 
division  of  the  Old  Red  Sandstone  rests  unconfonnably  upon  the 
lower.^  Such  a  hiatus  undoubtedly  points  to  a  considerable  lapse  of 
geological  time,  and  to  tbe  advent  of  important  geographical  changes 
that  considerably  modified  the  remarkable  topogi^aphy  of  the  older  part 
of  the  period. 

The  younger  division  or  Upper  Old  Red  Sandstone  passes  upward  con- 
formably into  the  base  of  the  Carboniferous  system.  Its  red  and  yellow 
sandstones,  conglomerates  and  breccias,  covering  nnich  more  restricted  areas, 
and  attaining  a  much  less  thickness  than  those  of  the  lower  division, 
indicate  the  diminution  and  gradual  effacement  of  the  lakes  of  the  older 
time,  and  the  eventual  return  of  the  sea  to  the  tracts  from  which  it  had 
been  so  long  excluded.  So  vast  an  interval  elapsed  between  the  time 
recorded  in  the  deposits  respectively  of  the  two  sections  of  the  Old  Red 
Sandstone  that  the  characteristic  forms  of  animal  life  in  the  earlier  ages 
had  entirely  passed  away,  and  their  places  had  been  taken  by  other  types 
when  the  diminished  lake-basins  of  the  second  period  began  to  be  filled  up. 
Volcanic  action  also  dwindled  to  such  a  degree  that  in  contrast  to  the 
abundant  vents  of  the  older  period,  only  one  or  two  widely  scattered  groups 
of  vents  are  known  to  have  existed  in  the  area  of  the  British  Isles  during 
the  later  i)eriod,  and  these,  after  a  feel)le  activity,  gave  way  to  a  prolonged 
volcanic  quiescence,  which  lasted  until  the  earlier  ages  of  the  succeeding  or 
Carboniferous  period. 

Although  geologists  are  in  the  hal)it  of  grouping  the  Old  Red  Sandstone 
and  the  Devonian  rocks  as  equivalent  or  homotaxial  formations,  deposited  in 
distinct  areas  imder  considerably  different  conditions  of  sedimentation,  the 
attempt  to  follow  out  the  sequence  of  strata  in  Devonshire,  and  to  trace  some 
analogy  between  the  Devonian  succession  and  that  of  the  Old  Red  Sand- 
stone, presents  many  difficulties  for  which  no  obvious  solution  suggests  itself. 
Into  these  problems  it  is  not  needful  to  enter  further  than  was  done  in  the 
last  chapter.  We  may  assume  that  not  improbably  some  of  the  eru])tions 
now  to  l)e  descril^ed  were  coeval  with  those  of  Devonian  time  in  the  south- 
west of  England,  though  we  may  luisiUite  to  decide  which  of  them  should  be 
brought  into  parallelism. 

As  we  trace  the  shore-lines  of  the  ancient  basins  of  the  I^ower  Old  Red 
Sandstone,  and  walk  over  the  shingle  of  their  beaches,  or  as  w^e  examine  the 
silt  of  their  deeper  gulfs,  and  exhume  the  remains  of  the  plants  that  shaded 
their  borders,  and  of  the  fishes  that  swarmed  in  their  waters,  we  gradually 
learn  that  although  the  .sediments  which  accumidated  in  some  of  thest*  basins 

*  Quart.  Journ,  Geol,  Soc.  vol.  xvi.  (1860),  p.  312.  In  Wales  no  break  has  actually  been  dis- 
covered between  the  two  divisions  of  the  Old  Red  Sandstone,  though  it  is  susjiected  to  exist 
there  also. 
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amount  to  many  thousand  feet  in  thickness ;  yet  from  bottom  to  top  they 
abound  in  evidence  of  shallow-water  conditions  of  deposit.  The  terrestrial 
disturbances  above  referred  to  continued  for  a  vast  interval,  and  while,  as 
already  suggested,  the  floors  of  the  basins  sank,  and  the  intervening  tracts 
were  ridged  up,  as  the  results  of  one  great  movement  of  the  earth's  crust, 
the  denudation  of  the  surface  of  the  land  contributed  to  the  basins  such  a 
constant  influx  of  sediment  as,  on  the  whole,  compensated  for  the  gradual 
depression  of  their  bottoms. 

We  need  not  suppose  that  these  movements  of  subsidence  and  upheaval 
were  uninterrupted  and  uniform.  Indeed,  the  abundant  coarse  conglomerates, 
which  play  so  prominent  a  part  in  the  materials  thrown  into  the  basins, 
suggest  that  at  various  inten-als  during  the  prolonged  sedimentation 
subterranean  disturbances  were  specially  vigorous.  But  the  occurrence  of 
strong  unconformabilities  among  the  deposits  of  the  basins  sets  this  question 
at  rest,  by  proving  that  the  terrestrial  movements  were  so  great  as  some- 
times to  break  up  the  floor  of  a  lake,  and  to  place  its  older  sediments  on 
end,  in  which  position  they  were  covered  up  and  deeply  buried  by  the 
succeeding  deposits.^ 

It  is  not  surprising  to  discover,  among  these  evidences  of  great  terrestrial 
disturbance,  that  eventually  groups  of  volcanoes  rose  in  long  lines  from  tlie 
waters  of  most  of  the  lakes,  and  threw  out  enormous  quantities  of  lava  and 
ashes  over  tracts  hundreds  of  square  miles  in  extent.  So  vast,  indeed,  were 
thase  discharges,  across  what  is  now  the  Midland  Valley  of  Scotland,  that  the 
portions  of  sheets  of  lava  and  tuff  visible  at  the  surface  form  some  of  the 
most  conspicuous  ranges  of  hills  in  that  district,  stretching  continuously  for 
40  or  50  miles  and  reaching  heights  of  more  than  2000  feet  above  the 
sea.  Exposed  in  hundreds  of  ravines  and  escarpments,  and  dissected  by  the 
waves  along  botli  the  eastern  and  western  coasts  of  the  country,  these 
volcanic  records  may  be  studied  with  a  fulness  of  detail  which  cannot  be 
found  among  earlier  Palaeozoic  formations. 

It  might  have  been  supposed  that  a  series  of  rocks  so  well  displayed 
and  so  full  of  interest,  would  long  ere  this  have  been  fully  examined  and 
described.  But  they  can  hardly  be  said  to  have  yet  received,  as  a  whole, 
the  attention  they  deserve.  Witliout  enmnerating  all  the  writers  who,  each 
in  his  own  measure,  have  added  to  the  sum  of  oui-  knowledge  of  the  subject, 
I  may  refer  to  the  labours  of  Jameson,^  Macknight^  and  Fleming,*  among 
tlie  observers  who  began  the  investigation.  But  of  the  early  pioneers,  by  far 
the  most  important  in  regard  to  the  igneous  rocks  of  the  Old  Red  Sand- 
stone was  Ami  Bou^.  While  attending  the  University  of  Edinburgh,  where 
he  took  the  degree  of  M.D.  in  the  year  1816,  he  imbibed  from  Jameson  a 
love  of  mineralogy  and  geognosy,  and  for  several  years  spent  his  leisure  time 
in  personally  visiting  many  parts  of  Scotland,  in  order  to  study  the  geological 

*  An  unconfomiability  of  this  kind  occurs  between  the  south  end  of  the  Pentland  Hills  and 
Tinto  in  Lanarksliire,  and  another  in  Ayrshire. 

2  Mcnwirs  of  the  WerneHan  Society,  vol.  ii.  (1811),  pp.  178,  217,  618  ;  vol.  iii.  (1820),  p.  220, 
225.  »  Op.  eit,  vol.  ii.  pp.  128,  461. 

*  Op,  cit.  vol.  i.  (1808),  p.  162  ;  vol.  ii.  (1811),  pp.  138,  339. 
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stracture  of  the  country.  Probably  in  1820  he  published  in  French  his 
now  classic  Essai}  The  value  of  this  work  as  an  original  contribution 
to  the  geology  of  the  British  Isles  has  probably  never  been  adequately 
acknowledged.  For  this  want  of  due  recognition  the  author  himself  was  no 
doubt  in  some  measure  to  blame.  He  refers  distinctly  enough  to  various 
previous  writers,  notably  to  Jameson  and  Macculloch,  but  he  mingles  the 
results  of  his  own  personal  examinations  with  theirs  in  such  a  way  that 
it  is  hardly  possible  to  ascertain  what  portions  are  the  outcome  of  his  own 
original  observations.  Less  credit  has  accordingly  been  given  to  him  than 
he  could  fairly  have  claimed  for  solid  additions  to  the  subjects  of  which 
he  treated.  In  the  later  years  of  his  life  I  had  opportunities  of  learning 
personally  from  him  how  extensive  had  been  his  early  peregrinations  in 
Scotland,  and  how  vivid  were  the  recollections  which,  after  the  lapse  of  half 
a  century,  he  still  retained  of  them.  Judged  simply  as  a  well-ordered 
summary  of  all  the  known  facts  regarding  the  geology  of  Scotland,  his 
Essai  must  be  regarded  as  a  work  of  very  great  value.  Especially  important 
is  his  arrangement  of  the  volcanic  phenomena  of  the  country,  which  stands 
far  in  advance  of  anything  of  the  kind  previously  attempted.  Under  the 
head  of  the  "  Terrain  Volcanique,"  he  treats  of  the  basaltic  formations,  dis- 
tinguishing them  as  sheets  {najrpeSy  coulees)  and  dykes ;  and  of  the  felspathic 
or  trachytic  formations,  which  he  subdivides  into  phonolites,  trachytes, 
porphyries  (forming  mountains  and  also  sheets)  and  felspathic  or  tnichytic 
dykes.  In  the  details  supplied  under  each  of  these  sections  he  gives  facts 
and  deductions  which  were  obviously  the  result  of  his  own  independent 
examination  of  the  ground,  and  he  likewise  marshals  the  data  accumulated 
by  Jameson,  Macculloch  and  others,  in  such  a  way  as  to  present  a  more 
comprehensive  and  definite  picture  of  the  volcanic  plienomena  of  Scotland 
than  any  previous  writer  had  ventured  to  give. 

The  account  which  Bou(5  wrote  of  the  Old  Ked  Sandstone  and  its 
associated  igneous  rocks  marked  the  first  great  forward  step  in  the  investiga- 
tion of  this  section  of  the  geological  record.  He  was  the  earliest  obser\'^er  to 
divide  what  he  calls  the  "  roches  feldspathiques  et  trappcJennes  "  into  groups 
according  to  their  geological  position  and  mineralogical  character,  and  to 
r^ard  them  as  of  igneous  origin  and  of  the  age,  or  nearly  of  the  age,  of  the 
red  sandstone  of  Central  Scotland. 

Of  later  writers  who  have  treated  of  the  volcanic  rocks  of  the  Old  Eeil 
Sandstone,  my  old  friend  Charles  Maclaren  deserves  special  recognition. 
His  survey  and  description  of  the  Pentland  Hills  embodied  tlie  first  detailed 
and  accurate  investigation  of  any  portion  of  these  rocks,  and  his  Geology 

*  Esaai  g^olwjique  sur  Vicosse  (Paris  ;  no  date,  but  probably  about  1820).  He  ackiiowledgeM 
hii  indebtedness  to  Jameson,  whose  dcmouHtriitions  of  the  geology  of  the  Edinburgh  district  he 
partly  reproduced  in  his  book.  Jameson's  early  \\ri tings  in  the  Wcrnfrian  Memoirs  and  insitpa- 
rate  works  were  mere  mineralogical  or  "geognostical "  (l(>scri])tions.  His  later  lectures  became 
more  valuable  but  were  never  published,  save  indirectly  in  so  far  as  they  inlluenced  the  opinions 
of  his  pupils  who  published  writings  on  the  same  subjects.  See,  for  instance,  Hay  Cunningham's 
Otology  of  the  LolhianSf  p.  59,  footnote.  Comiwre  an  article  on  Boue,  Eilinbanjh  Jicvieic  for  May 
1823  (vol.  xxxviii.  p.  413). 
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of  Fife  ami  the  Lothians  may  still  be  read  with  pleasure  and  instruction.* 
Boue  had  indicated  roughly  on  the  little  sketch-map  accompanying  his 
Essai  the  chief  bands  of  his  felspathic  and  trappean  rocks  of  the  Old 
Ked  Sandstone,  but  their  position  and  limits  were  more  precisely  defined  in 
Macculloch*s  "(Geological  Map  of  Scotland,"  which  was  published  in  1840, 
five  years  after  the  sudden  and  tragic  death  of  its  author.  The  obser\Tr8 
who  have  more  recently  studied  these  rocks  have  been  chiefly  members  of 
tlie  Geological  Survey,  and  to  some  of  the  more  important  results  obtained 
by  them  I  shall  refer  in  the  sequel. 

For  many  years  I  have  devoted  much  time  to  the  investigation  of  the 
Old  Red  Sandstone  and  its  volcanic  rocka  In  the  year  1859  I  ascertained 
the  existence  of  the  great  hiatus  between  the  Lower  and  Upper  divisions 
of  the  system."  A  first  sketch  of  the  volcanic  historj'  of  the  Old  Red 
Sandstone  was  given  by  me  in  1861,*  which  was  subsequently  enlarged  and 
filled  in  with  more  detail  in  1879.*  But  it  was  not  until  1892  tliat  I 
published  a  somewhat  detailed  outline  of  the  whole  subject,  tracing  the 
history  of  volcanic  action  during  the  period  of  the  Old  Red  Sandstone,  the 
distribution  of  the  volcanoes,  and  the  character  of  the  materials  erupted  by 
them.^  This  outline  I  now  proceeii  to  amplify,  filling  in  details  that  were 
necessarily  omitted  before,  though  there  are  still  several  districts  regard- 
ing which  information  is  samty. 

In  arranging  the  treatment  of  the  subject  I  shall  divide  the  record  into 
two  main  sections,  the  first  and  much  the  more  important  being  devoted  t-o 
the  Lower  and  the  second  to  the  Upper  Old  Red  Sandstone.  In  the  first 
of  these  divisions  it  will  be  convenient  to  begin  by  taking  note  of  the 
distribution  of  the  various  districts  over  wliich  the  geological  evidence  is 
spread.  We  may  then  proceed  to  consider  the  general  character  of  the 
volcanic  rocks  and  the  manner  in  which  they  are  arranged  in  the  strati- 
graphy of  the  country,  taking  in  consecutive  order  (1)  the  superficial  lavas 
and  tuffs;  (2)  the  vents;  (3)  the  dykes  and  sills.  From  these  general 
considerations  we  may  pass  to  the  detailed  history  of  events  in  each  of  the 
separate  volcanic  areas,  and  thus  obtain,  as  far  as  the  evidence  at  present 
permits,  a  broad  view  of  the  progress  of  volcanic  action  during  the  time  of 
the  Lower  Old  Red  Sandstone  in  Britain. 

^  (I'colotjij  of  Fife  and  the  Lothians,  1839.  More  detailed  reference  will  be  made  in  later 
pages  to  this  classic. 

2  "On  the  Old  Red  Sandstone  of  the  South  of  Scotland,"  Qttart,  Joum.  GeoL  Sac.  xvi. 
(1860),  p.  312. 

^  "On  the  Chronology  of  the  Trap-Rocks  of  Scotland,"  Trans,  Boy,  Soc,  Edin,  voL  xxii. 
(1861),  p.  63. 

*  Article  "Geology,"  in  Ninth  Edition  of  the  Encydopoedia  Britannica,  vol.  x.  (1879),  p.  343. 
Reprinted  in  my  Text-Book  of  tocology ^  of  which  the  first  edition  appeared  in  1882. 

*  "  Presidential  Address  to  the  Geological  Society,"  Quart.  Joum.  Geol,  Soc,  vol.  xlviii. 
(1892). 


CHAPTER    XVII 

DISTRIBUTION    OF    THE    VOLCANIC    CENTRES    IN     THE    LOWER     OLD     KED    SAND- 
STONE  CHARACTERS    OF  THE    MATERIALS    EKUPTED    BY    THE    VOLCANOES 

i.    DISTRIBUTION    OF    VOLCANIC    CENTRES 

The  area  within  which  volcanic  rocks  belonging  to  the  Lower  Old  Red  Sand- 
stone appeiir  is  one  of  the  most  extensive  regions  over  which  the  volcanic 
eruptions  of  any  geological  period  can  l>e  traced  in  the  British  Isles  (Map  I.). 
Its  northern  limit  reiiches  as  far  as  the  islet  of  Uya  in  Shetland,  and  its 
southern  appears  in  England  in  the  Cheviot  Hills — a  distance  of  about 
250  miles.  But  volcanic  rocks  of  probably  corresponding  age  occur  even 
as  far  to  the  south  as  the  hills  near  Killarney.  The  most  eiisterly 
margin  of  this  area  is  defined  by  the  North  Sea  on  the  coast  of  Berwick- 
shire, and  its  extreme  western  boundary  extends  to  near  Ix)ugh  Erne  in 
the  north  of  Ireland — a  distance  of  some  230  miles.  If  we  include  the  post- 
Silurian  bosses  and  dykes,  like  those  of  Shap,  and  likewise  the  Devonian 
volcanic  rocks  of  Devon  and  Cornwall,  as  contemporaneous  with  those  of 
the  Old  Red  Sandstone,  the  area  of  eruption  will  be  greatly  enlarged. 
But  leaving  these  out  of  account  for  the  present,  and  confining  our  atten- 
tion to  the  Lower  Old  Red  Sandstone  series,  we  find  that,  within  the  wide 
limits  over  which  the  volciinic  rocks  are  distributed,  a  number  of  distinct 
and  often  widely  separated  centres  of  eruption  may  l)e  traced.  Taking 
these  as  they  lie  from  north  to  south,  we  may  specially  enumerate  the 
following : — 

1.  The  Shetland  and  Orkney  Islands,  together  with  the  basin  of  the 
Moray  Firth.  This  region  includes  several  distinct  volcanic  groups,  of 
which  the  most  northerly  extends  through  the  centre  to  the  north-western 
headlands  of  the  mainland  of  Shetland,  another  lies  in  the  island  of  Shapin- 
shay,  one  of  the  Orkneys,  while  at  least  two  Ciin  be  recognized  on  the  south 
side  of  the  Moray  Firth.  To  this  wide  region  of  Old  Red  Sandstone  I 
liave  given  the  general  designation  of  "  I^ke  Orcadie."  ^ 

2.  The  basin  of  Lome,  on  the  west  of  the  mainland  of  Argyllshire, 
extending  from  Loch  Creran  to  Loch  Melfort  and  the  hills  on  the  west  side 
of  Loch  Awe. 

*  Trans,  Boy,  Soc,  Edin.  vol.  xxviii.  (1878),  p.  354. 
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3.  The  great  central  basin  of  Scotland,  which,  for  the  sake  of  distinct- 
ness, I  have  called  "Lake  Caledonia,"^  stretching  between  the  Highlands 
and  the  Southern  Uplands,  from  the  east  coast  south-westwards  across  AiTdu 
and  the  south  end  of  Cantire  into  Ireland  as  far  as  Lough  Erne.  Numerous 
distinct  volcanic  groups  occur  in  this  great  basin,  and  their  volcanic 
history  will  be  discussed  in  detail  in  later  chapters  (see  Map  IIL). 

4.  The  basin  of  the  Cheviot  Hills  and  Berwicksliire,  with  these  hills  as 
the  chief  area,  but  including  also  other  tracts,  probably  independent,  whidi 
are  cut  off  by  the  sea  along  the  eastern  coast  of  Berwickshire  between  St. 
Abb's.  Head  and  Eyemouth. 

5.  The  Killarney  tract,  including  the  hills  lying  around  Lough  Guitane 
in  the  east  of  County  Keriy. 

At  the  outset  we  may  take  note  of  a  feature  in  the  volcanic  histoiy 
of  Britain,  first  prominently  noticeable  in  the  I'ecords  of  the  Old  Eed 
Sandstone,  and  becoming  increasingly  distinct  during  the  rest  of  the  long 
sequence  of  Palaeozoic  eruptions,  namely,  the  peraistence  with  which 
the  vents  have  l^en  opened  in  the  valleys  and  have  avoided  the  high 
grounds.  I  formerly  dwelt  on  tliis  relation,  with  reference  to  tlie  Carlx)u- 
iferous  volcanic  phenomena,"  but  the  observation  may  Ix*  greatly  extended 
With  regard  to  the  Old  Eed  Sandstone  of  Central  Scotland,  though  the 
lavas  and  tuffs  that  were  discharged  over  the  floor  of  the  sheet  of  water 
which  occupied  that  region  gradually  rose  along  the  flanks  of  the  northeni 
and  southern  hills,  yet  it  was  on  the  lake-bottom  and  not  among  the  hills 
that  the  orifices  of  eruption  broke  forth. 

So  far  as  I  am  aware,  no  undoul)ted  vents  of  the  age  of  the  Lower  Old 
Eed  Sandstone  have  l)een  detected  among  the  high  grounds  of  the  High- 
lands on  the  one  hand,  or  among  the  Silurian  uplands  on  the  other, 
although  a  fringe  of  the  lavas  may  be  traced  here  and  there  along  the  base  of 
the  hills.^  In  some  cases,  doubtless,  the  position  of  the  valleys  may  have 
been  determined  by  lines  of  fault  that  might  well  seiTC  as  lines  of  relief  along 
which  volcanic  vents  would  be  opened.  But  in  many  instances  it  can  be 
proved  that,  though  the  vents  have  risen  in  valleys  and  low  grounds,  they 
have  not  selected  lines  of  fault  visible  at  the  surface,  even  when  tliese 
existed  in  their  neighbourhood.  Any  fissures  up  which  the  volcanic 
ejections  made  their  way  must  have  lain  at  great  depths  beneath  the  forma- 
tions that  now  form  the  surface  rocks. 

^  Op.  cit,  -   Trans.  Itoy,  #SVx*.  Ediii.  vol.  xxix.  (1879),  p.  454. 

'  Certain  reiimrkable  ii«Mrks  of  breccia  have  been  detected  by  Mr.  J.  R.  Dakyus  risiug 
through  the  schists  at  tlie  upper  end  of  Loch  Lomond  ;  but  there  is  not  suflScleut  evidence  to 
-connect  them  with  the  volcanic  series  of  the  Lower  Old  Red  Sandstone.  Some  of  the  younger 
granite  bosses  are  not  improbably  to  be  referred  to  this  volcanic  series.  The  latest  granites  of  the 
eastern  Grampians,  as  already  stated,  have  lately  been  found  by  Mr.  Barrow  cutting  the  band  of 
probably  Lower  Silurian  strata  along  the  southern  border  of  the  Highlands.  Those  of  Galloway 
are  younger  than  the  Upjier  Silurian  formations,  which  they  invade,  and  older  than  the 
<;onglomerates  of  the  Ui)per  Old  Red  Sandstone,  which  contain  jKibbles  of  them.  These 
tTUptive  bosses  will  be  further  discussed  in  the  sequel. 
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11.    CHAUACTERS    OF    THE    MATERIALS    ERUPTED    BY    THE    VOLCANOES 

A  general  summary  of  the  petrographical  characters  of  the  igneous  rocks 
of  the  Lower  Old  Red  Sandstone  may  here  find  a  place.  Further  details 
will  be  given  in  the  account  of  "  Lake  Caledonia,"  which  is  the  typical  area 
for  them ;  but,  on  the  whole,  the  prevailing  types  in  one  region  are  found 
to  be  repeated  in  the  others. 

1.  Bedded  Lavas, — Beginning  with  the  lavas  wliich  were  poured  out  at 
the  surface,  we  have  to  notice  a  considerable  range  of  chemical  composition 
among  them,  although,  as  a  rule,  they  are  characterized  by  general  similarity 
of  external  appearance.  At  the  one  end,  come  diabases  and  other  ancient 
forms  of  basalt  or  dolerite,  wherein  the  silica  percentage  i«  below  or  little 
above  50.  By  far  the  largest  proportion  of  the  lavas,  however,  are  por- 
phyrites  or  altered  andesites,  having  about  60  per  cent  of  silica.  With  these 
are  associated  lavas  containing  more  or  less  unstriped  felspar  and  a  some- 
what higher  proportion  of  silica,  which  may  be  grouped  as  trachytes, 
though  no  very  sharp  line  can  be  drawn  between  them  and  the  andesites.  In 
the  Pentland  Hills,  and  some  other  areas,  orthophyres  flowed  out  alternately 
with  the  more  basic  lavas,  and  were  associated  w^ith  feLsitic  tuffs  and 
breccias. 

It  is  noteworthy  that  the  lava-sheets  of  the  Lower  Old  Eed  Sandstone, 
if  we  consider  the  character  of  the  prevalent  type,  hold  an  intermediate 
grade  between  the  average  chemical  composition  of  those  of  Silurian  and  of 
those  of  later  Carboniferous  time.  On  the  one  hand,  they  rarely  assume 
the  character  of  thoroughly  acid  rocks,  like  tlie  nodular  rhyolites  of  the  Bala 
and  Upper  Silurian  series ;  ^  on  the  other  hand,  tlK»y  seldom  include  such 
basic  lavas  as  the  basalts,  so  common  among  the  puy-eruptions  of  the 
Carboniferous  system,  and  never,  so  far  as  I  know,  contain  varieties  com- 
parable to  the  "  ultra-basic "  compounds  which  I  shall  have  occasion  to 
allude  to  as  characteristic  of  a  particular  volcanic  zone  in  that  system. 

(a)  The  Diabase-lavas  are  typically  developed  in  the  chain  of  the 
Pentland  Hills,  where  they  form  long  bands  intercalated  between  felsitic 
tuffs  —  a  remarkable  association,  to  which  I  shall  make  more  detailed 
reference  in  a  later  chapter.  They  range  in  texture  from  a  compact  dark 
greenish  base  to  a  dull  earthy  amygdaloid.  One  of  their  most  remark- 
able varieties  is  a  fine-grained  green  porphyiy,  with  large  flat  tabular  crystiils 
of  plagioclase  arranged  parallel  to  the  direction  of  flow  (Carnethy  Hill). 
Most  of  them,  however,  are  more  or  less  amygdaloidal,  and  some  of  them 
(Warklaw  Hill)  strongly  so.  The  following  analyses,  made  in  the  lalx)ratorj' 
of  the  Royal  School  of  Mines  under  the  direction  of  Prof.  E.  Frankland, 
show  the  chemical  composition  of  some  of  the  diabases  of  the  Pentland 
Hills :  -— 

*  The  only  e.xaniple8  known  to  me  are  tliOHe  of  Benaiin  More  and  other  hilU  in  County  Kerry. 
'  For  analyses  of  some  Shetland  diabases  of  Old  Red  Sandstone  ago,  mcc  Mr.  R.  R.  Tatlook, 
TraiM.  Roy,  Soc.  Edin,  vol.  xzxii.  (1887),  p.  387. 
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*  There  wa.s  a  trace  of  inanganous  oxide  in  thia  specimen. 


(6)  The  Andesites,  or,  as  they  were  formerly  called,  Pokphyrites, 
which  constitute  by  far  the  largest  proportion  of  the  lavas,  have  a 
characteristic  but  limited  range  of  lithological  varieties.  The  prevailing 
type  presents  a  close-grained,  rather  dull  texture,  and  a  colour  varying  from 
pinkish  grey,  through  many  shades  of  green  and  brown,  to  purplish  red, 
which  last  is,  on  the  whole,  the  predominant  hue.  Minute  lath-shai)ed 
felspars  may  frequently  be  detected  with  the  naked  eye  on  fresh  surfaces, 
while  scattered  crystals,  which  are  generally  htematitic  pseudomorphs  after 
some  pyroxene,  occasionally  after  hornblende  or  mica,  may  often  lie 
observed.  The  usual  porphyritic  constituents  are  plagioclase  felspars, 
occasionally  in  abundant  tabular  crystals  measuring  half  an  inch  or  more 
across,  also  one  or  more  pyroxenes  (augite,  enstatite),  and  sometimes  brown 
or  black  mica.  Where  large  felspar-crystals  occur  in  a  compact  green 
matrix,  the  rock  assumes  a  resemblance  to  the  verde  antique  of  the  ancients.^ 
One  of  the  Cheviot  andesites  lying  at  the  l)ottom  of  the  series  is  distin- 
guished by  its  large  and  abundant  plates  of  black  mica.^ 

The  texture  of  the  andesites  occasionally  becomes  faintly  resinous,  where 
a  considerable  proportion  of  glass  still  remains  undevitrified,  as  in  the  well- 
known  varieties  from  the  Cheviot  Hills,  and  in  another  pitchstone-like  rock 
from  above  Airthrey  Castle  in  the  Ochil  Hills,  near  Bridge  of  Allan.  It 
sometimes  presents  a  nodular  or  coarsely  perlitic  character,  weathering  out 
in  nut-like  baUs,  like  the  rock  of  Buckham's  Wall  Burn  in  the  Cheviot 
Hills.^  Much  more  frequent  is  a  well-developed  amygdaloidal  structure, 
which  indeed  may  be  said  to  be  the  most  obvious  characteristic  of  these 
rocks  as  a  whole.  The  steam- vesicles,  now  filled  with  agate,  quartz,  Ciilcite 
or  zeolite,  vary  in  size  from  mere  granules  up  to  large  irregular  cavities  a 
foot  or  more  in  diameter.  Wliere  the  kernels  are  coated  with  pale-green  earth 
and  lie  in  a  dark  brown  matrix,  they  give  rise  to  some  of  the  most  beautiful 
varieties  of  rock  in  any  volcanic  series  in  this  country,  as  may  be  seen  on 

^  An  instance  of  tliis  rock  occurs  in  Kincardineshire,  from  which  tlie  large  flat  twinsi  of 
labradorite  have  been  analyzed  by  Dr.  Heddle  {Trans.  Hoy.  Soc,  Edin.  vol.  xxviii.  (1879), 
p.  257). 

«  C.  T.  Clough,   "  The  Clieviot  Hills,"  Mem.  GcoL  Survey  (1888),  p.  12. 

''  Ibid.  p.  11. 
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the  Ayrshire  coast  at  Culzeaii  and  Tumberry.  Some  rocks  contain  the 
vesicles  only  as  rare  individuals,  others  have  thein  so  cmwded  together  as 
to  form  the  greater  part  of  the  cubic  contents  of  the  mass.  When  the 
infiltration-products  have  weathered  out,  some  of  the  aniygdaloids  present  a 
striking  resemblance  to  recent  slaggy  brown  lavas;  lumps  of  them  must 
have  been  originally  light  enough  to  float  in  water. 

My  colleague  in  the  Geological  Survey,  Mr.  J.  S.  Grant  Wilson,  some 
years  ago  made  for  me  a  large  series  of  determinations  of  the  specific  gravity 
of  the  volcanic  rocks  of  tlie  Lower  Old  Eed  Sandstone  of  Scotland.  He 
found  that  the  andesites  collected  from  various  districts  to  illustrate  the 
more  typical  varieties  of  rock  averaged  about  2*66.  He  also  made  a  series 
of  chemical  analyses  of  a  number  of  the  same  rocks  from  the  Cheviot  Hills, 
where  they  are  well  preserved.  The  results  are  shown  in  the  following 
table : — 
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The  microscopic  structure  of  the  andesites  of  the  Lower  Old  Eed 
Sandstone  has  been  jmrtially  investigated,  especially  those  of  the  Cheviot 
Hills,  by  Mr.  Teall  ^  and  by  Dr.  l^etersen,'  who  both  give  chemiciil  analyses 
of  the  rocks.  Much,  however,  still  remains  to  be  done  l)efore  our  knowledge 
of  this  branch  of  British  i)etrography  can  Ije  regarded  as  adequate.  The 
groundmass  in  some  of  the  rocks  consists  mainly  of  a  brown  glass  with  a 
streaky  structure  (as  in  the  well-known  variety  of  Kirk  Yetholm,  and  in 
the  rock,  still  more  like  pitchstone,  from  near  Airthrey  Castle  in  the  Ochil 
chain);  more  usually  it  has  l)een  devitrified  more  or  less  completely  by 
the  appearance  of  felspathic  microlites,  until  it  presents  a  confused  felspar 
aggregate.  The  i)orphyritic  felspars  are  often  large,  generally  striped,  but 
sometimes  including  crystals  that  show  no  striping.  They  ai-e  freciuently 
found  to  be  full  of  inclusions  of  tlie  base,  and  these  sometimes  consist  of 
glass.  The  ferro-magnesian  constituents  are  usually  rather  decomi)osed, 
being  now  represented  by  chloritic  pseudomorphs ;  but  augite,  and  i)erhaps 
still  more  frequently  enstatite,  may  l)e  recognized,  or  its  presence  may  ])e 

>  Gcol.  Mag.  for  1883,  pp.  100,  145,  252. 

'  Mikroskopiseke  ujul  dtemischr.  Untcrsuchuntjcn  om  EiistatU-poriihifrit  aus  den  Cheviot  IliUsy 
Inaug.  DtHHcrt.  Kiel,  1884.  Descriptions  have  also  been  jiublislietl  of  detached  rocks  from 
other  districts,  such  as  those  by  Prof.  Judd  and  Mr.  Durham  of  specimens  from  tlie  £astern 
Ochils,  QuaH.  Journ.  GcoL  Soc.  vol.  xlii.  (1886),  p.  418. 
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inferred  among  them.  The  beautiful  resinous  or  pitehstoue-like  rock  from 
near  Airthrey  Castle  has  been  found  by  Mr.  Watts  to  be  a  glassy  hyperstheue- 
augite  -  andesite,  since  among  its  phenocrysts  of  plagioclase,  augite  and 
hypersthene  both  occur.  Magnetite  is  commonly  traceable,  and  apatite  may 
be  occasionally  detected.  As  the  result  of  decomposition,  calcite,  chlorite  and 
limonite  are  very  generally  diffused  through  the  rocks.^ 

(c)  The  lavas  which  may  be  separated  as  Trachytes  ofler  no  distinctive 
features  externally  by  wliich  tliey  may  be  distinguished  from  the  andesites. 
Indeed,  both  groups  of  rocks  appear  to  be  connected  by  intermediate 
varieticH.  In  the  Cheviot  Hills  some  of  the  lavas  are  found,  on  microscopic 
examination,  to  contain  a  large  admixture  of  unstriped  porphyritic  felspars, 
which  can  occasionally  be  recognized  as  sanidine  in  Carlsbad  twins.  The 
groundmass  is  sometimes  a  brown  glass,  but  is  usually  more  or  less  com- 
pletely devitrified,  portions  of  it  being  inclosed  in  the  large  felspars.  Chlorite?, 
pseudomorphic  after  augite  or  enstatite,  may  be  detected,  and  sometimes  a 
brown  mica.  A  specimen  of  one  of  these  rocks,  from  a  locality  to  the  north- 
west of  Whitton,  near  Jedburgh,  was  found  by  Mr.  J.  S.  Grant  Wilson  to 
have  the  following  composition  : — 


N.W.  of  Whitton  Hill, 
Jedburgh  (No.   1938) 
Sp.  gr.  2*r»5. 
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{d)  Acid  rocks  such  as  Felsites  and  Ehvolites  are  rare  among  the 
lavas  pom-ed  out  at  the  surface  during  the  time  of  the  Lower  Old  Eed 
Sandstone.  They  oc<?ur  in  the  Pentland  Hills,  also  near  Dolphinton  in  the 
Biggar  district,  and  in  the  Ochil  Hills  near  Auchterarder,  associated  with 
extensive  accumulations  of  felsitic  tufts  and  breccias.  They  are  usually 
so  much  decomposed  that  it  is  hardly  possible  to  procure  fresh  specimens 
of  them.  Some  of  them  display  beautiful  flow-structure.  They  appear  to 
be  generally  orthoclase-felsites  or  ortliophyres.  Dull,  fine-grained  to  flinty 
in  texture,  tiiey  hardly  ever  display  free  quartz,  so  that  they  can  seldom  be 
placed  among  the  typical  rhyolites,  though  in  their  banded  flow-structure 
they  often  strongly  resemble  some  lithoid  varieties  of  these  rocks,  especially 
such  varieties  as  that  represented  in  Fig.  9. 

Mr.  Watts,  to  whom  I  submitted,  for  microscopic  examination,  a 
number  of  specimens  from  the  Pentland  and  Ochil  Hills,  has  found  them  to 
"  consist  of  a  brown  felsitic  groundmass  in  which  are  embedded  a  generation 
of  small  stumpy  prisms  of  orthoclase  and  a  set  of  larger  phenocrysts, 
generally  consisting  of  orthoclase  and  plagioclase  in  equal  proportions. 
Brown  mica,  is  usually  present  and  zircons  are  not  uncommon."     The  rocks, 

^  Dr.  F.  H.  Hatch  8iipi»Iied  notes  on  microscopic  structure  which  are  incorporated  in  the  text, 
together  with  j^wirticulars  afterwards  furnished  by  Mr.  Watts. 


CHAP.  XVII  MATERIALS  ERUPTED— ACID  ROCKS  277 


when  they  undergo  weathering,  pass  into  the  varieties  formerly  comprised 
imder  the  name  claystone. 

The  only  nodular  felsite  of  this  age  which  I  have  met  with  is  that 
of  Lough  Guitane  among  the  "Dingle  Beds,"  near  Killarney,  to  which 
reference  will  be  made  in  later  pages. 

2.  IrUruaive  BasseSy  Silh  and  Dykes. — While  the  iuterbedded  lava-sheets 
are  mainly  andesites,  the  intrusive  rocks  are  generally  more  acid,  and  most 
of  them  may  be  grouped  under  the  convenient  head  of  felsites.  Some 
intrusive  andesites,  and  even  more  basic  rocks,  do  indeed  occur  in  dykes  and 
sills,  as  well  as  also  filling  vents.  But  the  rule  remains  of  general  applica- 
tion over  the  whole  country  that  the  materials  which  liave  consolidated  in 
the  volcanic  orifices  of  the  Old  Eed  Sandstone,  or  liave  been  thrust  among 
the  rocks  in  dykes,  bosses  or  sills,  are  decidedly  acid.  In  tliis  series  of 
rocks  a  greater  range  of  types  may  be  tniced  than  among  the  extrusive 
lavas.  At  the  one  end  we  find  true  granitas  or  granitites,  as  in  the  in- 
trusive bosses  of  Spango  Water  and  of  Galloway,  which,  for  i-easons  which 
I  will  afterwards  adduce,  may  with  some  probability  l)e  assigned  to  the 
volcanic  history  of  the  Ijower  Old  Red  Sandstone  period.  Among  the 
bosses,  many  of  which  probably  mark  the  i)Ositions  of  eruptive  vents,  ortho- 
phyres  are  especially  prominent.  These  rocks  frequently  contain  no 
mica,  but,  on  the  other  hand,  they  sometimes  show  abundant  quartz  in 
their  groundmass.  The  augite-granitite  of  the  Cheviot  Hills,  so  well 
described  by  Mr.  Teall,  has  invaded  the  bedded  andesites  of  that  region.^ 
A  similar  rock  has  l)eeu  noticed  by  my  brother.  Prof.  James  Geikie, 
associated  with  the  Lower  Old  Red  Sandstone  volcanic  rocks  of  the  east  of 
Ayrshire.  A  remarkable  petrographical  variety  has  been  mapped  l)y  Mr. 
B.  N.  Peach,  rising  as  a  small  l)oss  through  the  lower  part  of  the  great 
lava-sheets  of  the  Ochil  Hills,  a]x)ve  Tillicoultry.  It  is  a  granophyric 
quartz-diorite,  which,  imder  the  microscope,  is  seen  to  be  composed  of  short, 
thick -set  prisms  of  plagioclase,  with  al)undant  granophyric  quartz,  a 
pleochroic  h}'per8thene,  and  needles  of  apatite.  Sometimes  the  j)yroxene  is 
replaced  by  green  chloritic  pseudomorphs." 

At  the  other  end  of  the  series  come  the  felsites,  quartz-porj)hyries,  mica- 
porphyrites,  minettes,  vogesites,  "  liomstones  "  and  "  claystones  "  (or  decayed 
felsites),  which  have  a  close-grained  texture,  often  with  porphyritic  felspars, 
quartz  or  black  mica,  generally  a  whitish,  pale  buff,  orange,  pink  or  i)urplish- 
grey  colour,  and  a  specific  gravity  of  about  2*55.^ 

Though  I  class  these  rocks  as  intrusive,  I  am  not  i)repared  to  assert 
that  in  none  of  the  instances  where  they  occur  as  sheets  may  tliey  i>08sibly 
have  been  erupted  at  the  surface  as  lavas.  In  one  or  two  cases  the  evidence 
either  way  is  doubtful,  but  as  the  great  majority  of  the  acid  rwks  can  ])e 

'  GfoL  Moff.  for  ISS3,  pj).  100,  1  ir>,  252;  lunl  JJrUtsh  Pctroijraphu,  j.]).  272,  278. 

«  NotcH  by  Dr.  Hatch. 

•  The  intruflive  "jwrphyry"  of  Lintrathen  in  Forfarshire  (which  may  be  younger  than 
the  OM  Red  Sandstone)  is  a  briglit  red  rock  wit)i  ])orpliyritic  felspar,  quartz,  white  mica  and  a 
very  siogahir  black  mica  (Mr.  Teall's  British  Pfintyraphyy  p.  288). 
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8liown  to  be  intrusive  in  their  behaviour,  I  have  preferred  to  keep  them  all 
in  the  same  category'.  I  am  prepared  to  find,  however,  that,  as  so  vast  an 
amount  of  felsitic  debris  was  ejected  to  form  the  tuflfs,  more  of  this  material 
may  have  flowed  out  in  streams  of  lava  than  is  at  present  recognized- 

The  following  table  shows  the  chemical  composition  of  some  acid  sills 
and  dykes  from  the  Lower  Old  Eed  Sandstone,  as  determined  in  the 
laboratory  of  Prof.  E.  Frankland:^ — 


8IO2 
73-91 

AliAj 

Fe-Ps 

MiiO 
•07 

CaO 

r2i 

MgO 
4^90 

K2O      1 

Na/) 

PaOa 

•  •  • 

i 

"Hornstone." 

Torgeith      Kiiowe, 
Pentlands  . 

14-41 

•76 

3  36 

1-57 

! 
•90 

"Hornstone." 
Braid  Hills*. 

64*73 

17  01 

2^35 

•24 

419 

•m 

3-27 

3-75 

•26 

2-78 

Tinto,  Tianarkshirc  : 
Soluble   in   hydro- 
chloric acid 
Insoluble  in  ditto  . 

•04 
70-28 

1-01 
12-54 

1^24 
•43 

■  ■• 

•92 
•91 

•52 

•  a   • 

1 

1 
3  92 

•  •  • 

5-84 

•16 

•  •  • 

•  •• 

1-99 

*  Tliis  specimen  alHo  yielded  0*13  of  ferrous  oxide,  and  2*42  of  carbon  dioxide. 

The  rock  of  Tinto,  which  may  be  considered  t}'pical  of  the  prevailing 
acid  intrusive  rocks  of  the  series,  presents  several  slightly  different 
varieties.  Dr.  Hatch,  as  the  result  of  his  examination  of  a  number  of 
microscopic  slides  prepared  from  specimens  taken  by  me  from  various  parts 
of  the  hill,  found  some  to  be  minettes,  showing  small  isolated  crystals  of 
orthoclase  and  rare  flakes  of  biotite,  sometimes  granides  of  quartz,  imbedded 
in  a  brown,  finely  microlitic  groundmass  of  felspar  powdered  over  with 
calcite ;  while  other  Si)ecimens  had  a  granular  instead  of  a  microlitic 
groundmass,  and  contained  a  considerable  amount  of  quartz  in  addition  to 
the  constituents  just  mentioned.  A  conspicuous  knob  on  the  south  side  of 
Tinto,  called  the  Tap  Craig,  is  a  mass  of  augite-diorite,  which  has  riseu 
through  the  other  rocks-  (see  Fig.  93).  The  sills  in  the  same  region  show 
still  further  diffei-ences.  Some  are  true  "  felspar-porphyries,"  and  "  quartz- 
porphyries  "  varying  in  the  relative  abundance  and  size  of  their  porphyritic 
orthoclase  and  quartz,  while  others,  by  the  introduction  of  hornblende  or 
pseudomorphs  after  that  mineral,  pass  into  vogesites. 

Basic  sills  and  bosses  are  chiefly  developed  among  the  Ochil  and  Sidlaw 
Hills.  They  may  generally  be  classed  as  diabases.  But  sometimes  their 
pyroxenic  constituent  is  partly  hypersthene,  as  in  a  coarsely  crystalline  Iwas 
about  a  mile  south  of  Dunning,  which  has  been  determined  by  Mr.  Watts 

*  Two  analyses  of  rhyolites  from  Shetland  by  Mr.  Tatlock  will  be  found  in  Trans.  R&if.  Soc. 
E(liii.  vol.  xxxii.  (1887),  p.  387.  Their  silicaf  percentage  is  72*32  and  73*70.  An  analysis  of  a 
'jiiartz-felsite  from  the  Cheviot  Hills  by  Mr.  T.  Waller  is  given  in  the  Geological  Survey 
Memoir  on  the  Cheviot  Hills,  p.  25.     The  pro^wrtion  of  silica  in  this  rock  is  67*9. 

'^  This  rock  differs  considerably  from  the  other  intrusive  masses  in  its  neighbourhood.  Dr. 
Hatch  found  it  to  be  composed  chiefly  of  lath-shaped  striped  fels^mr,  with  some  granular  augite, 
magnetite  and  interstitial  (quartz. 
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to  "  consist  of  aiigite  and  hypersthene  imbedded  in  and  occurring  amongst 
large  plagioclase  prisma  Some  iron-ore  is  also  present ;  the  rock  is  a 
hyperite." 

3.  T%iff%  and  Agglomerates. — The  fragmental  materials,  ejected  from  or 
filling  up  the  vents,  vaiy  from  the  finest  compacted  dust  up  to  some  of  the 
coarsest  agglomerates  in  this  country.  In  general  they  consist  mainly  of 
detritus  of  andesite,  and  have  been  derived  from  the  blowing  up  of  already 
consolidated  masses  of  that  rock.  The  fragments  are  usually  angular,  and 
range  from  minute  grains  up  to  blocks  as  large  as  a  cottage.  The  tuffs  are 
often  more  or  less  mixed  with  ordinary  non-volcanic  sediment,  and  as  they 
are  traced  away  from  the  centres  of  eruption  they  pass  insensibly  into  sand- 
stones and  conglomerates. 

But  while,  as  might  Ije  exixjcted,  the  tuffs  are  most  commonly  made  up 
of  debris  of  the  same  kind  of  lavas  jis  those  that  usually  form  the  sheets 
which  were  poured  out  at  the  surface,  they  include  also  bands  of  material 
derived  from  the  destruction  of  much  more  acid  rocks.  Throughout  the 
chain  of  the  Ochil  HilLs,  for  example,  in  the  midst  of  the  bedded  andesite- 
lavas,  many  of  the  thin  coui'ses  of  fine  tuff  consist  largely  of  felsitic 
fragments,  with  scattered  felspar  cr}^stal8.  The  most  remarkable  examples 
of  this  nature,  however,  are  to  be  met  with  at  the  gi'eat  vent  of  the  Braid 
Hills,  in  the  chain  of  the  Pentland  Hills  which  runs  south-westward  from 
it,  and  in  the  Biggar  volcanic  district  still  further  south.  These  acid  tuffs 
are  generally  pale  flesh-coloured  or  lilac  in  tint,  and  compact  in  texture,  but, 
like  the  felsitic  lavas  from  wliich  they  were  derived,  they  are  apt  to  weather 
into  yellow  or  buff "  claystones."  The  finer  varieties  are  so  compact  as  to 
present  to  the  naked  eye  no  diatinguishal)le  grains ;  they  might  be  mistaken 
for  felsites,  and  indeed,  except  where  they  contain  recognizable  fragments  of 
rock  or  broken  crystals  of  felspar,  can  hardly  be  discriminated  from  them. 
They  consist  of  an  exceedingly  fine  compacted  felsitic  dust.  Here  and 
there,  however,  the  scattered  crystals  of  felspar  and  small  angular  frag- 
ments of  felsite,  which  may  be  detected  in  them,  increase  in  number  until 
tliey  form  the  whole  of  the  rock,  which  is  then  a  brecciated  tuff  or  fine 
volcanic  breccia,  made  up  of  different  felsites,  among  which,  even  with  the 
naked  eye,  delicate  flow-structures  may  lie  detected.  In  these  pale  acid 
tuffs,  fragments  of  different  andeaites  may  often  be  observed,  which  increase 
in  number  as  the  rocks  ai-e  traced  away  from  the  main  vents  of  eruption. 

At  my  request  my  colleague,  Mr.  George  Barrow,  determined  the  silica 
jieroentages  in  a  few  specimens  which  I  selected  as  showing  some  of  the 
more  characteristic  varieties  of  these  tuffs  from  the  Bmid  and  Pentland 
Hills.      His  results  are  exhibited  in  the  following  tiil)le : — 

Silica  i)ercentaKP. 

1.  Quarry  above  Woodhouselee  .  .  .63*3 

2.  South-west  side  of  Costlelaw  Hill  .  .  .73*15 

3.  Quarry  on  road,  ^  mile  N.E.  of  Swanston  (Braid  Hill  vent)       74*1 

4.  South- west  side  of  Castlelaw  Hill    .  .  .75*0 

5.  Castlelaw  Hill       ......       76*00 

6.  South  side  of  White  Hill  Plantation  9000 
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From  these  analyses  it  may  be  inferred  that  the  average  amount  of 
silica  in  the  more  typical  varieties  is  between  70  and  75  per  cent.  The 
last  specimen  in  the  table,  with  its  abnormally  high  percentage  of  acid, 
must  be  regarded  as  an  exceptional  variety,  where  there  has  either  been  an 
excessive  removal  of  some  of  the  bases,  or  where  silica  has  been  added  by 
infiltration. 

The  microscopic  examination  of  these  rocks  has  not  added  much  to  the 
information  derivable  from  a  study  of  them  in  the  field.  In  their  most 
close-grained  varieties,  as  above  remarked,  they  are  hardly  to  be  dis- 
tinguished from  felsites.  But  they  generally  show  traces  of  the  minute 
detrital  particles  of  felsite  of  which  they  are  essentially  coinj)Osed.  The 
brecciated  varieties  exhibit  finely-streaked  flow-structure  in  some  of  the 
fragments.  Pieces  of  andesite,  grains  of  quartz,  and  other  extraneous 
ingredients  appear  in  these  rocks  towards  the  southern  limits  of  the 
volcanic  area  of  the  Pentland  Hills,  where  the  acid  tuflfs  are  associated 
with  and  pass  laterally  and  vertically  into  ordinary  non-volcanic  sedi- 
mentary strata.  Further  details  as  to  the  part  which  these  tuffs  play  in 
tlie  volcanic  history  of  the  regions  wherein  they  occur  will  be  given  in 
later  pages. 


CHAPTER   XVIII 

STRUCTURE    AND    ARRANGEMENT    OF    THE    LOWER    OLD    RED    SANDSTONE 

VOLCANIC    ROCKS    IN    THE    FIELD 

Wb  have  now  to  consider  the  manner  in  which  the  various  volcanic 
products  have  Ixjen  gi'ouj)e(l  around  and  within  the  orifices  of  discharge. 
The  first  feature  to  arrest  the  eye  of  a  trained  geologist  who  approaches 
them  as  they  are  displayed  in  one  of  the  ranges  of  hills  in  Central  Scotland 
is  the  bedded  aspect  of  the  rocks.  If,  for  example,  he  looks  eastward  from 
the  head  of  the  Firth  of  Tay,  he  marks  on  the  right  hand,  running  for 
many  miles  through  the  county  of  Fife,  a  succession  of  i)arallel  escarpments, 
of  which  the  steep  fronts  face  northwards,  while  their  long  dip-slopes 
descend  towards  the  south.  On  his  left  hand  a  similar  ])ut  higher  series 
of  escarpments,  stretching  far  eastwards  into  Forfarsliire,  through  the  chain 
of  the  Sidlaw  Hills,  repeats  the  same  features,  but  in  opposite  directions. 
If  he  stands  on  tlie  alluvial  plain  of  the  Forth,  near  Stirling,  and  looks 
towards  the  north,  he  can  trace  Iwr  after  bar  of  brown  rock  and  grassy 
slope  rising  from  Ixise  to  summit  of  the  western  end  of  the  Ochil  Hills. 
If,  again,  from  any  height  on  the  southern  outskirts  of  the  city  of  Edinburgh, 
he  lets  his  eye  range  along  the  north-western  front  of  the  chain  of  tlie 
Pentland  Hills,  especially  towards  evening,  he  can  follow  the  same  parallel 
banding  as  a  conspicuous  feature  on  each  successive  hill  that  mounts  above 
the  plain.  Or  if,  as  he  traverses  the  west  of  Argyllshire,  he  comes  in 
sight  of  the  uplands  of  Lome,  he  at  once  recognizes  the  terraced  contours  of 
the  hills  between  Loch  Awe  and  the  western  sea,  presenting  so  strange  a 
contrast  to  the  rugged  and  irregular  outlines  of  the  more  ancient  schist  and 
granite  mountains  all  around  (see  Fig.  99). 


L  BEDDED  LAVAS  AND  TUFFS 

On  a  neai'er  inspection,  the  dominant  topogrjiphical  features  ai'e  found 
to  correspond  with  a  well-marked  stratification  of  the  whole  volcanic  series. 
Where  two  sheets  of  andesite  are  separated  l)y  layers  of  tuff,  sandstone  or 
conglomerate,  a  well-marked  hollow  will  often  be  found  to  indicate  the 
junction-line;  but  even  where  the  lavas  follow  each   other  without   such 
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interstratifications,  their  differences  of  texture  and  consequent  variations  in 
mode  and  amount  of  weathering  usually  suffice  to  mark  them  off  from  each 
other,  and  to  indicate  their  trend  along  the  surface  in  successive  terraces. 
Even  where  the  anglers  of  inclination  are  high,  the  bedded  arrangement  can 
generally  be  detected. 

It  is  in  the  picturesque  and  instructive  coast-sections,  however,  that  the 
details  of  this  bedded  structure  are  most  clearly  displayed.  On  both  sides 
of  the  country,  along  the  shores  of  Ayrshire  on  the  west,  and  those 
of  Kincardineshire  and  Forfarshire  on  the  east,  the  volcanic  group  has 
been  admirably  dissected  by  the  waves.  The  lava-beds  have  been  cut  in 
vertical  section,  so  that  their  structure  and  their  mode  of  superposition,  one 
over  another,  can  be  conveniently  studied,  while  at  the  same  time,  the  upper 
surfaces  of  many  of  the  flows  have  been  once  more  laid  bare  as  they  existed 
before  they  were  buried  under  the  sedimentary  accumulations  of  the  waters 
in  which  they  were  erupted. 

Though  distinctly  bedded,  the  T^avas  show  little  of  the  regularity  and 
persistence  so  characteristic  of  those  of  Carboniferous  and  of  Tertiary  time. 
Some  of  them  are  not  more  than  from  four  to  ten  feet  thick,  and  generally, 
on  the  coast-clififs,  tliey  appear  to  be  less  than  fifty  feet.  A  continuous 
group  of  sheets  can  sometimes  be  traced  for  ten  miles  or  more  from  the 
probable  vent  of  discharge. 

That  many  of  these  lavas  were  erui)ted  in  a  markedly  pasty  condition 
may  l)e  inferred  from  certain  of  their  more  prominent  characteristics. 
Sometimes,  indeed,  they  appear  as  tolerably  dense  homogeneous  masses, 
breaking  with  a  kind  of  prismatic  jointing ;  but  more  frequently  they  are 
strongly  amygdaloidal,  and  sometimes  so  much  so  that,  as  already  stated, 
the  amygdales  form  tlie  larger  proportion  of  their  bulk.  Where  the  secondary 
infiltration-products  have  weathered  out,  the  rough  scoriform  rock  looks  as 
if  it  might  only  recently  have  been  erupted.  In  a  few  instances  I  have 
observed  an  undulating  rope-like  surface,  which  reminded  me  of  well-known 
Vesuviau  lavas.  Usually  the  top  and  bottom  of  each  sheet  assume  a 
strikingly  slaggy  aspect,  which  here  and  there  is  exaggerated  to  such  au 
extent  that  Ixjtween  the  more  solid  and  homogeneous  jmrts  of  two  consecutive 
flows  an  intermediate  band  occiu*s,  ten  or  twelve  feet  thick,  made  up  of 
clinker-like  lumps  of  slag,  the  interspaces  being  filled  in  with  hardened 
sand.  In  some  cases  these  agglomeratic  layers  may  actually  consist  in  part 
of  ejected  blocks ;  but  tlie  way  in  whieli  many  of  the  lavas  have  cooled  in 
rugged  scoriaceous  surfaces  is  as  conspicuous  as  on  any  modem  c(niUe.  The 
loosened  slags,  or  the  broken-up  cakes  and  blocks  of  lava,  have  sometimes 
been  caught  up  in  the  still  moving,  pasty  current,  which  has  congealed 
with  its  vesicles  drawn  out  round  the  enclosed  fragments,  giving  rise  to  a 
mass  tliat  miglit  Ikj  taken  for  a  breccia  or  agglomerate.  Now  and  then  we 
may  observe  that  the  upper  slaggy  jwrtion  of  a  sheet  has  assumed  a  bright 
red  colour  from  the  oxidation  of  its  ferruginous  minerals ;  and  from  the 
contrast  it  thiLs  presents  to  the  rest  of  the  rock  we  may  perhaps  legitimately 
infer  that   the   disintegration  took  place   before  the  outflow  of  the  next 
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-VeiuH  mill  nfHtt  of  saiKlBMne  due  to  the  wwbiiiK 
ml  iiilo  tisHiirex  ami  cavities  of  an  OI>l  It«>l  Sandstoiiu 
Tiiriibt'n-j-  Point,  Ayrshire. 


Buoceeding  lava.     If  this  inference  be  well  foundetl,  and  it  le  confirmed  by 
other  evidence  which  will  be  subsequently  adduced,  it  points  to  the  probable 
lapse  of  considerable  intervals 
of  time  between  some  of  the 
outflows  of  lava. 

But  perhajis  the  most 
singular  stracture  displayed 
by  these  lavas  is  to  be  seen 
in  the  manner  in  which  they 
are  traversed  by  and  enclose 
portions  of  sandstone.  Since  I 
originallyobservedthis  feature 
on  the  Ayrshire  coast,  near 
Tomberry  Point,  many  years 
ago,*  I  have  repeatedly  met 
with  it  in  the  various  vol- 
canic districts  of  the  Lower 
Old  Bed  Sandstone  across  the 
whole  of  the  Midland  Valley 
f£  Scotland.  The  first  and 
natural  inference  which  it 
cursory  examination  of  it  suggests  ia  that  tlie  molten  rock  has  cauglit 
up  and  carrieil  along  pieces  of  already  uonsolidatetl  sandstone.  But  a 
little  further  obser^'ation  will  show  tliat  the  lines  of  strati ficittioii  in  the 
sandstone,  even  in  what  appear  to  l^e  detached  fragments,  are  marked  by 
a  general  parallelism,  and  lie  in  the  aime  general  plane  with  the  surface 
of  the  bed  of  lava  in  which  the  sandy  material  ia  enclosed.  In  a  vertical 
section  the  sandstone  is  seen  to  occur  sowetiuies  in  narrow  dykes  witli 
even,  parallel  walls,  but  more  usually  in  irregular  twisting  and  branching 
reins,  or  even  in  him|>B  which,  thougli  probitbly  once  connected  with 
nine  of  these  veins,  now  appear  as  if  entirely  detached  from  them 
(Fig.  65).  Frefiuently,  indeed,  the  nodidar  slaggy  audesite  and  tlic 
sandstone  are  so  mixed  up  tliat  the  observer  may  hesitate  whether 
to  describe  the  nmss  as  n  sandstone  enclosing  Ijalls  and  blocks  of 
lava,  or  as  a  scoriaceous  lava  permeated  with  hardened  sand.  A 
close  connection  may  Im;  traced  between  tliese  sandstone-inclosures  and 
the  beils  of  sandstone  interstnitifieil  between  the  successive  lavas.  We 
can  follow  the  sandy  uutterial  downwards  from  these  intei'calated  l)etls  into 
the  andesites  below  them.  On  exposed  upper  surfaces  of  the  lava,  an 
intricate  reticulation  of  sandstone  veins  nuiy  be  noticed,  in  eacli  of  which 
the  stratification  of  the  material  nins  across  the  veins,  showing  sometimes 
distinct  current-bedding,  but  maintaining  a  general  parallelism  witli  the 
bedding  of  the  volainic  sheets  and  their  fragmentary  accompaniments  (Fig. 
66).  If  we  could  remove  the  sandstone-veinings  and  aggregates,  we  should 
find  tlie  upper  surfaces  of  these  igneous  masses  to  present  a  singularly  lissuretl 
■  See  Jiikm' J/o«««'n/0«i/om/,  Srd  odit.  (1872),  Kg.  Ill,  p.  278. 
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Fj«.  66. — Grouiul-plan  of  reticulated  cracks  in  the  upjjer  surface  of  au  Old 
Red  Sandstone  lava  filled  in  with  sandstone.     Reel  Head,  Forfarshire. 


and  slaggy  appearance,   reminding   us   of   the   rugged,  rent   and   clinker- 
loaded  slopes  of  a  modern  viscous  lava,  like  some  of  those  in   the  Atrio  del 

Cavallo  on  Vesuvius. 
There  cannot,  there- 
fore, be  any  doubt 
that  the  sandstone, 
so  irregularly  dis- 
persed through  these 
lavas,  was  introduced 
originally  as  l<x)8e 
sand  washed  in  from 
above  so  as  to  till 
the  numerous  rents 
and  cavernous  inter- 
spaces of  the  volcanic 
rock.  A  moi-e  strik- 
ing proof  of  the  sub- 
aqueous character  of 
the  eruptions  could 
hardly  be  conceived. 
This  interesting  feat- 
ure in  lavas  erupted 
imder  water  is  not  confined  to  the  volcanic  series  of  the  Old  Red  Sandstona 
We  shall  find  that  it  is  hardly  less  distinct  among  the  basic  lavas  of  the 
Permian  series  both  in  Scotland  and  in  Devonshire. 

A  remarkable  exception  to  the  general  type  of  dark  basic  and  inter- 
mediate lavas  is  furnished  by  the  pale,  decomposing  felsites  of  tlie  Pent- 
land  and  Dolphinton  Hills.  Those  which  issue  from  the  great  eruptive 
centre  of  the  Braid  Hills,  alternate  with  the  andesites  and  the  diabases, 
gradually  diminishing  like  these  in  a  southward  direction  and  dying  out 
in  some  six  or  seven  miles.  Beyond  the  limits  of  these  lavas,  another 
similar  thick  group  was  erupted  from  a  separate  vent  at  the  northern  end 
of  the  Biggar  district  near  Dolphinton.  The  same  occurrence  has  been 
ascertained  also  in  the  area  of  the  Ochil  chain.  Fuller  reference  will  be 
made  to  these  interesting  rocks  in  the  descriptions  to  be  afterwards  given 
of  the  structure  and  history  of  the  volcanic  areas  of  the  Pentland  Hills,  the 
Biggar  centre  and  the  Ochil  Hills. 

It  is  certainly  a  notable  feature  in  the  volcanism  of  Old  Red  Sandstone 
time  that  from  the  same,  or  from  closely  adjoining  vents,  lavas  should  be 
alternately  poured  forth,  differing  so  nmch  from  each  other,  alike  in  chemical 
composition  and  petrograx)hical  characters,  as  andesites  and  diabases  on  the 
one  hand,  and  felsites  on  the  other.  Additional  examples,  from  widely 
different  geological  systems,  will  be  cited  in  subsequent  pagea  It  will  be 
shown  that  even  in  the  very  latest  volcanic  period  in  Britain,  that  of 
older  Tertiaiy  time,  highly  basic  and  markedly  acid  materials  were  ejected 
from  the  same  centres  of  eruption. 
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The  part  taken  by  the  Tuffs  in  the  structure  of  the  ground  agrees  with 
what  might  have  been  expected  in  the  accompaniments  of  extremely  slaggy 
and  viscid  lavas.  These  pyroclastic  intercalations  are,  in  most  of  the 
volcanic  districts,  comparatively  insignificant  in  amount,  by  far  the  largest 
proportion  of  solid  material  ejected  from  the  various  vents  having  consisted 
of  streams  of  lava.  Round  or  within  some  of  the  vents  the  fragmentary 
materials  attiiin  a  remarkable  coarseness,  as  may  be  seen  in  the  great 
agglomerates  of  Dumyat,  near  Stirling,  the  largest  of  which  is  more  than 
700  feet  thick.  These  massive  accumulations  doubtless  represent  a  long 
series  of  explosive  discharges  from  the  summit  of  the  lava  column  in  one  or 
more  adjacent  vents.  Traced  away  from  the  orifices  of  emission,  the  tufts 
rapidly  grow  finer  in  grain,  less  in  thickness,  and  more  mixed  with  ordinary 
detritus,  until  they  pass  into  ordinary  non-volcanic  sediment  or  die  out 
between  the  lava-sheets. 

Good  sections,  showing  the  nature  and  arrangement  of  the  thin  inter- 
calations of  andesite-tuff  between  the  successive  outpourings  of  lava,  may  be 
examined  on  the  coast.  Thus,  near  Turnberry  Point,  in  Ayrshire,  upwards 
of  a  dozen  successive  flows  of  lava,  with  their  sandy  and  ashy  intervening 
layers,  are  exposed  in  plan  upon  the  beach,  and  partly  also  in  section  along 
the  clifls  on  which  the  ruins  of  the  historic  castle  of  Turnberry  stand. 
(Figs.  95,  96,  97).  Again,  along  the  coast  of  Forfarshire,  from  the  Red 
Head  to  Montrose,  the  numerous  sheets  of  andesite  are  separated  by  layei-s 
of  dull  purjilish  tuff  passing  into  conglomerate,  with  l.)locks  of  poi-phyrite  a 
yard  or  more  in  diameter. 

The  most  remarka])le  interstratified  tuffs  in  the  Lower  Old  Red  Sand- 
stone are  the  felsitic  varieties.  Those  which  proceed  from  tlie  great  vent  of 
the  Braid  Hills,  extend  south-westwards  for  eight  or  nine  miles,  and  their 
peculiar  materials,  mixed  with  ordinary  sediment,  may  be  tmced  several  miles 
further.  They  occur  in  successive  sheets,  which,  from  a  maximum  thick- 
ness and  number  at  the  north  end,  gradually  thin  away  southwards,  like 
the  felsitic  lavas  which  they  accompany,  and  from  the  explosion  of  which 
they  no  doubt  were  derived.  They  consist  to  a  large  extent  of  extremely  fine 
volcanic  dust,  and  since  they  are  generally  much  decomposed,  it  is  often,  as 
already  remarked,  hardly  possible  to  distinguish  between  them  and  the 
equally  decayed  felsites.  In  some  parts  of  the  hills  they  present  a  distinct 
fissile  bedding ;  but  still  more  satisfactory  is  the  occasional  fine  brecciated 
structure  which  they  assume,  when  they  are  seen  to  consist  of  angular 
lapilli  of  difterent  felsites. 

The  amount  of  volamic  material  ejected  from  the  more  important  vents 
was  much  greater  than  the  height  of  the  present  hills  would  lead  us  to 
suppose.  The  rocks  have  generally  been  tilted  into  positions  much  more 
inclined  than  those  which  they  originally  occupied,  so  that  to  measure  their 
actual  thickness  we  must  take  a  line  approximately  perpen<iicular  to  the 
dip.  In  this  way  we  ascertain  that  the  accumulated  mass  of  lavas  and 
tufis.  immediately  outside  the  vent  at  the  north  end  of  the  Pentland  Hills 
must  be  at  least  7000  feet  thick,  for  the  base  of  the  series  is  concealed 
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under  the  unconformable  overlap  of  the  Lower  Carboniferous  Sandstones,  while 

the  top  is  cut  ofif  by  a  fault  which  brings  down  the 
Carboniferous  formations  against  the  eastern  flank  of 
the  hills.  Probably  not  less  voluminous  is  the  pile  of 
ejected  material  in  the  Ochil  Hills,  where,  though  the 
base  of  the  whole  is  concealed  by  the  fault  which  throws 
down  the  coalfield,  some  6500  feet  of  lavas,  tuffs  and 
conglomerates  can  be  seen.  There  were  thus,  during 
the  time  of  the  Lower  Old  Red  Sandstone,  more  than 
one  volcano  in  Central  Scotland  which  might  be  com- 
jmred  in  bulk  of  ejected  material  to  Vesuvius. 

That  the  eruptions  were  mainly  subaqueous  is  in- 
dicated, as  I  have  shown,  by  the  intercalated  bands  of 
sandstone  and  conglomerate  between  the  successive  lavas, 
as  these  are  traced  away  from  the  centres  of  discharge, 
and  likewise,  even  more  impressively,  by  the  hardened 
sand  which  has  been  washed  into  former  fissures  and 
crevices  in  the  lava.  But  that,  in  some  cases,  the  vol- 
canic cones  were  built  up  above  the  surface  of  the  lake 
may  be  legitimately  inferred  from  the  remarkable 
volcanic  conglomerates  which  occur,  more  particularly 
in  the  great  chain  of  the  Ochil  and  Sidlaw  Hills. 
These  thick  accumulations  of  well-rounded  and  water- 
worn  blocks  are  interspersed  lx»tween  sheets  of  andesite, 
and  are  mainly  made  up  of  andesite  fragments.  Im- 
pressive sections  of  them  may  Ije  seen  along  the  Kin- 
cardineshire coast.  The  conglomerates  are  sometimes 
so  remarkably  coarse,  many  of  their  blocks  exceeding 
two  feet  in  diameter,  and  so  rudely  bedded,  that  it  is 
only  by  noting  the  position  of  oblong  boulders  that  one 
can  make  out  the  general  direction  of  the  stratification. 
In  their  smooth  rounded  forms,  these  blocks  resemble 
the  materials  of  storm -beaches  on  an  exposed  coast. 
The  trituration  of  the  andesite  fragments  has  given  rise 
to  a  certain  amount  of  green  paste,  which  firmly  wraps 
round  the  stones,  and  retains  casts  of  them  after  thev 
have  dropped  out.  It  is  further  deserving  of  remark 
that  while  in  some  districts,  as  in  the  central  Ochils,  the 
materials  were  entirely  derived  from  the  destruction 
of  volcanic  rocks,  in  others  a  large  proportion  of  nou- 
volcanic  materials  is  mingled  with  the  debris  of  the 
lavas.  South  of  Stonehaven,  for  example,  large  boulders 
of  ([uartzite  form  a  conspicuous  feature  in  the  con- 
glomerates, of  which  in  places  they  make  up  quite  half 
of  the  totiil  constituents.     There  can  be  little  doubt,  I 

think,  that  the  materials  of  these  coarse  detrital  accumulations  were  gathere<l 
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together  as  shingle-beaches,  and  were  derived  in  part  from  volcanic  cones 
which  had  risen  above  the  level  of  the  lake.  They  seem  to  suggest  con- 
siderable degradation  of  these  cones  by  bi'eaker-action,  whereby  blocks  of 
rock  a  yard  or  more  in  diameter  could  be  rounded  and  smoothed. 

Another  inference  deducible  from  such  conglomerates,  and  to  which  I 
have  already  alluded,  is  that  considerable  intervals  of  time  took  place 
between  some  of  the  eruptions.  Bound  the  vents,  indeed,  where  the 
successive  sheets  of  volcanic  material  follow  each  other  continuously,  it  is 
perhaps  impossible  to  form  any  definite  opinion  as  to  the  relative  chrono- 
logical value  of  the  lines  of  separation  between  different  ejections.  But 
where  some  hundreds  of  feet  of  coarse  conglomerate,  chiefly  composed  of 
well-rounded  andesite  blocks,  intervene  between  two  streams  of  lava,  we 
may  conclude  that  the  interval  between  the  outpouring  of  these  streams 
must  have  been  of  considerable  duration.  Other  evidence  of  a  similar 
tendency  may  be  recognized  in  the  intercalation  of  groups  of  varied  sedi- 
mentary accumulations,  such  as  those  which  were  deposited  over  the  site  of 
Eastern  Forfarshire  and  Kincardineshire  during  the  time  that  elapsed 
between  two  successive  floods  of  lava.  In  tlie  Den  of  Canterland,  for 
example,  in  the  midst  of  the  volcanic  sheets  we  find  interesting  evidence  of 
one  of  these  intervals  of  quiescence,  during  which  layers  of  fine  olive  shales 
were  laid  quietly  down,  while  macerated  vegetation,  drifting  over  the  lake- 
bottom,  was  buried  with  remains  of  fishes,  and  abundant  gaily- worms 
{Kampecaru,  Archidssmm),  washed  from  the  neighbouring  land.^  So  un- 
disturbed were  the  conditions  of  deposition  that  calcareous  sediment  gathered 
round  some  of  the  organisms  and  encased  them  in  limestone  nodules. 

In  some  of  the  districts  the  discharges  of  volcanic  material  were  so 
abundant  or  so  continuous  that  no  recognizable  deposition  of  ordinary 
sediment  has  taken  place  between  them.  Thus,  at  the  north  end  of  the 
Pentland  Hills  the  rocks  are  entirely  of  volwinic  origin,  and  though,  as  we 
trace  them  southwards  away  from  the  centre  of  eruption,  they  diminish  in 
thickness,  they  include  hardly  any  interstratified  sandstones  and  conglomer- 
ates until  they  finally  begin  to  die  out. 

The  distances  to  which  the  lavas  and  tuffs  have  been  eru])ted  from  the 
chief  vents  of  a  district  vary  up  to  15  or  20  miles.  Those  of  the  Pentland 
Hills  extend  from  the  Braid  Hill  vent  for  10  miles  to  the  south-west. 
Those  of  the  Biggar  centre  stretch  for  al)out  16  miles  to  the  north-east. 
Those  of  the  Ochil  Hills,  which  probably  came  from  a  number  of  distinct 
vents,  can  be  traced  for  nearly  50  miles. 

ii.    VENTS 

On  the  whole  the  actual  vents  of  the  volcanoes  of  Lower  Old  Ee<l  Sand- 
stone time  are  less  clearly  distinguishable  than  those  of  subse(iuent  volciinic 

*  An  abundant  organism  in  sonn*  of  these  (le]»o8its,  named  Parka,  was  first  regarded  as  a  ])lanU 
was  afterwards  believed  to  be  the  egg-]iackets  of  Crustacea,  and  is  now  pronounced  by  comiietent 
authorities  to  belong  to  an  aquatic  ])lant  with  erco])ing  stems,  linear  leaves  and  sessile  s]K>ro- 
carps. 
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periods.  This  deficiency  doubtless  arises  from  the  geological  structure  of 
the  districts  in  which  the  formation  is  chiefly  developed.  Thus,  in  the 
great  Midland  Valley  of  Scotland,  where  the  Old  Eed  Sandstone  covers  a 
large  part  of  the  surface,  the  vents  seem  to  have  been  placed  along  the 
central  parts  of  the  long  trough  rather  than  among  the  older  rocks  on  either 
margin.  Hence  they  are  in  large  measure  buried  either  under  the  volcanic 
and  sedimentary  accumulations  of  their  own  period  or  under  Carboniferous 
strata. 

Certain  bosses  of  massive  rocks  lying  well  within  the  volcanic  area 
may  with  some  confidence  \^  regarded  as  the  sites  of  eruptive  centres. 
They  occur  either  singly  or  in  groups,  and  may  be  specially  noticed  along 
the  chain  of  the  Ochil  and  Sidlaw  Hills.  Yet  it  seems  to  me  probable 
that  these  visible  bosses,  even  if  we  are  correct  in  regarding  them  as 
marking  the  positions  of  true  vents,  do  not  indicate  the  chief  orifices  of 
discharge.  If  we  consider  their  size  and  their  distribution  with  reference 
to  the  areas  of  lava  and  tuff  discharged  at  tlie  surface,  we  are  rather  led  to 
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Fig.  68. — Section  across  two  necks  above  Tillicoultry,  Ochil  Hills. 

1  1,  Andeaite  lavas  ;  2  2,  Tuffs  and  volcanic  conglomerates  ;  3  3,  The  two  necks  ;  4  4,  Dykeo  of  felsite,  etc. ; 

5,  Coal-measures  ;  /,  Fault. 


look  upon  them  as  subsidiary  vents,  the  more  important  orifices,  from  which 
the  main  bulk  of  the  eruptions  took  place,  being  still  concealed  under  the 
Carboniferous  rocks  of  the  Midland  Valley.  The  bosses  which  rise  through 
dififerent  portions  of  the  volcanic  series  are  obviously  not  the  oldest  or  original 
vents.  The  great  felsitic  mass  of  Tinto  in  Lanarkshire  (Fig.  93),  indeed, 
pierces  strata  which  lie  near  the  base  of  the  Lower  Old  Eed  Sandstone,  but 
the  smaller  cone  of  Quothquan  in  its  neighbourhood  appears  in  the  midst  of 
the  lavas  (Fig.  92).  In  the  south-western  part  of  the  Ochil  chain  the  bosses 
or  necks  are  cliiefly  small  in  size,  seldom  exc^^eding  half  a  mile  in  diameter. 
They  have  been  filled  sometimes  with  crystalline,  sometimes  with  fragmental 
materials.  Two  of  them,  containing  the  remarkable  granophyric  quartz- 
diorite  already  referred  to,  emerge  from  among  the  tuffs  in  a  low  part  of 
the  series,  immediately  above  the  village  of  Tillicoultry  in  Clackmannan 
(Fig.  68).  Two  or  three  more,  .which  are  occupied  by  orthophyres  and 
quartz-felsites,  pierce  the  volcanic  group  a  few  miles  to  the  west  of  Loch 
Leven.  The  whole  of  the  visible  bosses  of  the  Ochil  Hills  may  be  regarded 
as  one  connected  group,  subsidiary  to  the  main  orifices  which  lay  rather 
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further  to  the  south  and  west.     More  particular  reference  to  this  district 
will  l>e  made  in  the  following  chapter  (p.  303). 

Vents  which  have  been  filled  up  with  agglomerate,  and  which  thus 
furnish  the  most  obvious  proofs  of  their  connection  with  the  eruptions  of 
the  volcanic  series,  though  not  frequent,  may  be  observed  in  a  number  of 
the  volcanic  districts.  Their  fragmentary  materials  generally  consist  mainly 
of  the  detritus  of  andesites  or  diabases  like  those  which  form  the  bedded 
lavaa  But  where  more  acid  lavas  have  risen  to  the  surface,  fragments  of 
felsite  may  occur  more  or  less  abundantly.  In  the  great  vent  of  the  Braid 
Hills  the  tufts  and  breccias  are  almost  whollv  acid.  Non-volcanic  materials 
may  often  be  found  in  the  agglomemtes,  and  occasionally  even  to  the  exclu- 
sion of  volcanic  detritus.  Thus,  in  the  far  north  of  Scotland  several 
examples  occur  among  the  Shetland  Isles  of  necks  filled  entirely  with 
blocks  of  the  surrounding  flagstones  and  sandstones.  Such  cases,  as  has 
been  already  pointed  out,  prolmbly  represent  incomj)leted  volcanoes,  when 
the  explosive  vapours  were  powerful  enough  to  drill  orifices  in  the  crust  of 
the  earth  and  eject  the  shattered  debris  from  them,  l)ut  were  not  sufhciently 
vigorous  or  lasting  to  bring  up  any  solid  or  liquid  volcanic  material  to  the 
surface.      These  Shetland  examples  are  further  noticed  on  p.  345. 

Xecks  of  agglomerate  in  the  Lower  Old  Eed  Sandstone  vary  in  size  from 
a  great  orifice  measuring  two  miles  Jicross  to  little  plugs  only  a  few  yards  in 
diameter.  They  may  be  found  in  limited  numl>ers  in  most  of  the  volcanic 
districts.  No  examples  have  been  observed  rising  through  older  rocks  than 
the  Old  Eed  Sandstone,  all  the  known  instance's  being  eruptive  through 
some  part  of  the  volcanic  series  or  of  the  sandstones,  and  therefore  not 
l)elonging  to  the  earliest  eru])tions. 

The  largest,  and  in  some  respects  the  most  interesting,  vent  in  the 
Lower  Old  Eed  Sandstone,  that  of  the  Braid  Hills  near  Edinburgh,  described 
iu  Chapter  xx.,  covers  an  area  of  more  than  two  square  miles,  and  is  filled 
with  felsitic  breccias  and  tuifs,  through  wliich  bosses  and  veins  of  acid  and 
basic  rocks  have  Ijeen  injected.  It  completely  truncates  the  bedded  lavas 
and  tuffe  of  the  Pentland  Hills,  and  not  improl)ably  marks  the  chief  centre 
from  which  these  rocks  were  erupted.  Several  smaller  necks  rise  a  little 
beyond  its  southern  margin,  marking,  perhaps,  lateral  cones  on  the  main 
volcano. 

In  the  small  area  of  Lower  Old  Eed  Sandstone  lying  between  Campbel- 
town and  the  Mull  of  Cantyre,  several  necks  of  agglomerate  occur,  which 
have  been  partly  dissected  by  the  waves  along  the  shore,  thus  revealing  their 
internal  structure  and  their  relation  to  the  surrounding  conglomerates.  An 
account  of  them  will  be  found  at  p.  311.  One  of  the  series,  which  lies  back 
from  the  coast-line,  forms  a  prominent  rounded  hill  measuring  about  400 
yards  in  its  longest  diameter.  Its  general  contour  is  represented  in 
Fig.  82. 

Of  the  eruptive  Ijosses  of  massive  rock  outside  the  limits  of  the  Old  lied 
Sandstone  which  may  be  plausibly  referred  to  the  volcanic  phenomena  of  the 
period,  though  they  amnot  Ihj  proved  to  be  actually  part  of  them,  the  most 
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notable  are  the  bosses  of  granite  and  other  acid  material  which  rise  through 
the  Silurian  strata  of  the  Southern  Uplands  of  Scotland.^  The  lai'gest  are  the 
well-known  masses  of  Galloway  (Fig.  69),  with  which  must  be  grouped  the 
bosses  near  New  Cuumock,  that  of  the  Spango  Water  (Fig.  94),  and  those  of 
Cockburn  Law  and  Priestlaw  in  Lammemiuir,  together  with  a  number  of 
masses  of  felsitic  material  scattered  over  the  same  region,  such  as  the  Dir- 
rington  Laws  of  Berwickshire  (Fig.  70).  These  bosses  present  some  points  of 
structure  in  common  with  true  vents.  They  come  like  great  vertical  columns 
through  highly-folded  and  puckered  strata,  and,  as  they  truncate  the  Llan- 
dovery and  Wenlock  formations,  they  are  certainly  younger  than  the  greater 
part  of  the  Upper  Silurian  series.  They  must  be  later,  too,  than  the  chief 
plication  and  cleavage  of  these  strata ;  but  they  are  older  than  the  Upper 
Old  Eed  Sandstone  or  basement  Carboniferous  rocks  which  contain  pebbles 
of  them.  Their  date  of  eruption  is  thus  narrowed  to  the  interval  between 
the  later  part  of  the  Upper  Silurian  period  and  the  beginning  of  the  Upper 
Old  Red  Sandstone.      I  have  myself  little  doubt  that  they  are  to  be  asso- 
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Fk;.  69. — Section  of  the  granite  core  between  Merrick  and  Corscrine. 
rr,  .Silurian  greywackes,  grit«  and  shales ;  b,  granite. 


ciated  with  the  volcanic  epoch  we  are  now  considering,  as  it  was  the  only 
known  gi'eat  episode  of  igneous  activity  in  this  region  during  the  interval 
within  which  the  protrusion  of  these  granites  must  have  taken  plac«  In 
the  Cheviot  Hills,  indeed,  we  have  evidence  of  the  eruption  of  a  large 
mass  of  augite-granitite  through  the  porphy rite- lavas  of  the  Lower  Old  Eed 
Sandstone,  with  abundant  veins  projecting  from  it  into  them,  as  will  be 
narrated  in  later  pages.' 

Xot  improbably  many  other  granite  protrusions  throughout  the  British 
Isles  are  to  be  referred  to  the  volcanic  operations  of  the  Lower  Old  Eed 
Sandstone.  Such  are  those  of  the  Lake  District,  notably  that  of  Shap,^  the 
granites  of  Newry  and  Leinster  in  the  east  of  Ireland,  which  are  later  than 
the  Silurian  rocks  and  older  than  the  Carboniferous  Limestone,  and  the 
younger  Grampian  granites,  which  pierce  the  presumably  Arenig  belt  along 
the    Highland    border.     Whether   or  not  these   granitic   protrusions  were 

^  I  suggested  this  iK)ssible  connection  many  yeai-s  ago  in  Trans.  GeoL  Soc,  Edin.  vol.  ii.  (1874) 
p.  21. 

2  The  volcanic  geology  of  the  Clieviot  Hills  is  described  by  Mr.  Teall,  Geol.  Mag,  for  1888,  p. 
106  ;  and  by  Mr.  Clough,  Man.  Gcol.  Survey,  "Geology  of  the  Cheviot  Hills,"  Sheet  108  N.E., 
1888,  p.  24. 

*  See  the  descriptions  of  the  Shap  granite  by  Messrs.  Man*  and  Harker,  Quart  Jounu  Gfoi. 
Soc.  xlvii.  (1891)  p.  266,  and  xUx.  (1893)  p.  359. 
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connected  with  siiperticinl  volcanic  dlBcIiai^es  of  which  no  remains  have 
survived,  they  seem  to  indicate  the  wide  extent  and  remarkable  vigour  of 
the  subterranean  igneoiiB  action  of  thia  geological  period. 

Viewed  as  a  whole,  the  oiaterials  which  now  occupy  the  ventB  of  the 
volcanic  chains  in  the  Lower  (lid  Red  Sandstone  of  the  British  Isles  are 
more  acid  than  the  lavas  erupted  at  the  surface.  In  the  Pentlaud  district, 
indeed,  and  in  some  other  areas  this  acid  material  was  ejcctecl  at  inten'als  in 
abundant  dischai^es  of  dust  and  lapilli  and  in  outflows  of  fclsitic  lavas, 
while  between  these  successive  discharges  copious  streams  of  dialiasic  and 


andesitic  lavas,  either  from  the  same  or  from  some  closely-adjoining  vent, 
were  poured  out  Throughout  the  whule  region,  however,  as  a  closing  phase 
of  the  volcanic  history,  the  acid  magma  rose  after  the  outpouring  of  the  more 
basic  lavas  and  filled  such  chimneys  of  tlie  volcanoes  as  were  nut  already 
blocked  with  agglomerate.  It  wits  probably  after  these  pipes  were  phif^ed 
that  the  final  efforts  of  volcanic  energy  were  expended  in  the  protrusion  of 
the  acid  material  as  sills  lietween  the  bedding-planes  of  the  sun-ounding 
rocks,  and  as  dykes  and  veins  in  and  iiround  the  vents. 


iil.    SILLS    AND    I)YKES 

Nowhere  throughout  the  volcanic  tracts  of  the  Lower  Old  Red  ^ndstone 
is  there  any  such  development  of  sills  as  may  be  seen  beneath  the  Silurian 
volcanic  sheets  of  North  Wales,  Those  which  occur  are  most  abundant  in 
the  Lanarkshire  district,  to  the  north-west  and  south-west  of  Tinto,  and  in 
the  south  of  Ayrshii-e.  From  the  village  of  Mnirkirk  to  the  gorge  of  the 
Clyde,  below  the  Falls,  the  Upjier  Silurian  and  Lower  Old  lied  Sandstone 
strata  are  traversed  by  numerous  intrusive  sheets  of  pink  and  yellow  felsite, 
quartz-porphyry,  niinette,  lamprophyre  and  allied  rocks,  which  are  no  doubt 
to  be  regai-ded  as  jMirt  of  the  volcanic  phenoniena  with  which  we  are  liere 
concerned.  In  the  south  of  Ayrshire,  between  the  villages  of  Dalmellingtou 
and  Barr,  there  is  a  copious  development  of  similar  sills,  especially  along  one 
or  more  horizons  near  the  Imisc  of  the  Old  Red  Sandstone.  Garleffin  Fell, 
Glenalln  Fell,  Turgeny  and  other  heights  are  conspicuous  prominences 
formed  of  these  rocks ;  alwve  the  sills  lie  thick  c()n<;lomenttoH  and  sjindstones 
(m  which  the  great  andesite-sheets  rest. 

Ir  the  Pentland  Hills,  as  will  be  described  in  Chapter  xx.,  a  massive 
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felsitic  sill  forms  a  conspicuous  feature  along  the  north  side  of  the  chain, 
and  there  are  proljwibly  othere  which  have  not  yet  been  separated  from 
the  felsitic  tuffs  and  orthophyres  which  they  so  much  resemble. 

Perhaps  the  most  remarkable  acid 
sills  in  the  Old  Bed  Sandstone  of 
Britain  are  those  which  occur  at  the 
extreme  northern  end  of  the  region 
among  the  volcanic  phenomena  of  the 
Shetland  Isles  (Figs.  71,  72).  The 
largest  of  them,  consisting  mainly  of 
granite  and  felsite,  is  believed  to  reach 
a  length  of  20  and  a  breadth  of  from 
three  to  four  miles.^ 

A  group  of  sills  composed  of  a 
bright  red  quartz-porphyrj'  has  been 
traced  along  the  southern  flanks  of 
the  Highlands  for  upwards  of  18 
miles.-  This  nxjk,  already  referreil  to 
as  the  **  Lintrathen  porphyrj',**  lies 
chiefly  among  the  conglomerates  and 
sandstones, but  also  intersects  the  laviis, 
and  may  be  later  than  the  Old  Ked 
Sandstone  (p.  277).  An  extension  of 
it  is  found  even  on  the  north  side  of 
the  boundary  fault,  cutting  the  ande- 
sites  which  there  lie  unconfonnablv 
on  the  schists. 

Examples,  however,  occur  of  silk 
much  less  acid  in  composition.  In 
the  Dundee  district,  for  instance,  the 
intrusive  sheets  are  andesites  and 
diabases.  They  send  veins  into  and 
bake  the  sandstones  among  which  they 
have  been  intruded,  and  are  sometimes 
full  of  fr£^;ments  of  such  indurated 
sandstone,  as  mav  be  well  seen  on 
the  northern  shore  of  the  Fiitli  of 
Tay,  west  of  Dundee. 

A  conspicuous  characteristic  of 
most  of  the  volcanic  tracts  of  the 
Ix)wer  Old  Ked  Sandstone  is  the  com- 
parative scarcity  of  contemporaneous 
dvkes.  In  the  band  of  acid  sills 
between    Muirkirk    and     the    Clvde,    a    considerable    number    of    dvkes 
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*  !Hessi-s.  H.  N.  Peadi  and  J.  Hon)e,  Trans.  Hoy.  Hoc.  Edin,  xxxii.  (1884),  p.  359. 

-  See  Sheet  56  of  the  Geological  Survey  of  Scotland. 
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have  been  mapped,  which  must  be  regarded  as  due  to  the  same  series 
of  movements  and  protrusions  of  the  magma  that  produced  the  adjacent 
sills.  Throughout  the  length  of  the  Southern  Uplands  dykes  of  felsite, 
minett€,  lamprophyre,  vogesite  and  other  varieties,  which  may  also  be 
connected  with  the  volcanic  phenomena  of  the  Lower  Old  Eed  Sand- 
stone, not  infrequently  occur  among  the  Silurian  rocks.  On  the 
Kincardineshire  coast,  south  of  Bervie,  a  number  of  dykes  of  pink 
quartz -porphyry  traverse  the  conglomemtes  and  sandstones.  The  coast 
south  of  Montrose  displays  some  singularly  picturesque  sections,  where  a 
porphyry  dyke  running  through  andesitic  lavas  and  agglomerates  stands  up 
in  wall-like  and  tower-like  projections.  On  the  shore  at  Gourdon,  as  well 
as  inland,  intrusive  dykes  of  serpentine  occur.  A  line  of  these,  possibly 
along  the  same  fissure,  has  been  traced  for  more  than  a  dozen  of  miles  from 
above  Cortachy  Castle  to  near  Bamif.  But  there  is  no  evidence  to  connect 
them  with  the  volcanic  phenomena  of  tlie  Old  Eed  Sandstone.  Not  improb- 
ably they  belong  to  a  later  geological  perioil. 

One  would  expect  to  meet  witli  a  network  of  dykes  in  and  around  the 
volcanic  vents ;  but  even  there  they  are  usually  not  conspicuous  either  for 
number  or  size.  In  the  <n*eiit  vent  of  the  Braid  Hills  onlv  a  few  have  been 
noticed.  In  the  Ochil  Hills  groups  of  dykes  of  felsite  and  andesite  may 
l)e  observed,  especially  near  the  necks.  They  are  fairly  numerous  in  the 
neighbourhoo<l  of  Dollar  (see  Fig.  6S).  One  of  the  most  abundant  series 
yet  observed  traverses  the  tract  around  the  granite  l.)oss  of  the  Cheviot 
Hills,  from  which  many  dykes  of  granite,  felsite,  (iuartz-poq>hyry  and  ande- 
site radiate.  This  district  will  be  more  fully  referred  to  in  Chapter  xxi. 
Another  remarkable  development  of  dykes  occurs  in  Shetland  (Fig.  72), 
where  they  consist  of  granite,  felsite  and  rhyolite,  and  are  associated  with 
the  acid  sills  above  referred  to. 


CHAPTER  XIX 

VOLCANOES  OF  THE  LOWER  OLD  RED  SANDSTONE  OF  "LAKE  CALEDONL\ " 

Description  of  the  several  Volcanic  Districts  :  "  Lake  Caledonia,"  its  Chains  of  Volcanoes 
— The  Northern  Chain  :  Montrose  Group,  Ochil  and  Sidlaw  Hills,  the  Arran  ami 
Cantyre  Centre,  the  Ulster  Centre. 

I  NOW  propose  to  give  some  account  of  each  of  the  districts  which  have  l)eeii 
separate  areas  of  volcanic  action  during  the  time  of  the  Ix)wer  Old  Red 
Sandstone,  tracing  its  general  structure,  the  aiTangement  and  sequence  of  its 
volcanic  rocks  and  the  history  of  its  eruptions.  As  by  far  the  most  varied 
development  of  the  Old  Bed  Sandstone  is  to  be  found  in  the  great  Midlan<l 
Valley  of  Scotland,  and  as  it  is  there  that  the  remarkable  volcanic  phenomena 
of  the  system  have  been  most  alnnidantly  displayed  and  are  most  clearly 
recorded,  I  shall  begin  my  description  of  the  volcanic  eruptions  of  the  Lower 
Old  lied  Sandstone  wath  a  detailed  account  of  the  diflerent  centres  of 
volcanic  activity  in  that  region.  The  phenomena  are  so  fully  displayed  there 
that  a  more  summary  treatment  of  the  subject  will  suffice  for  the  other 
regions. 

Lender  the  designation  of  "  Lake  Caledonia,"  as  already  remarked,  I 
include  the  whole  of  the  Midland  Valley  of  Scotland  between  the  Highlands 
and  the  Southern  Uplands,  likewise  the  continuation  of  the  same  ancient 
hollow  by  Arran  and  the  south  of  Cantyre  across  the  north  of  Ireland  to 
Lough  Erne.^  Throughout  most  of  the  area  thus  defined,  the  present  limits 
of  the  Lower  Old  Eed  Sandstone  are  sharply  marked  off  by  large  parallel 
faults.  On  the  north-west  side  one,  or  rather  a  parallel  series,  of  such  dis- 
locations runs  from  Stonehaven  along  the  flank  of  the  Highland  mountains 
to  the  Clyde,  thus  travei-sing  the  whole  breadth  of  the  island.      On  the 

^  My  own  investigations  of  this  region  have  heen  continued  over  an  interval  of  forty  years. 
Besides  j)ersonally  traversing  every  portion  of  it,  I  have  map{)ed  in  detail,  for  the  Geological  Survey, 
many  liundreds  of  square  iiiih's  of  its  area  from  the  outskirts  of  Edinburgh  soiith-westwords  into 
Lanarkshire,  in  Ayrshire,  and  in  the  counties  of  Fife,  Perth  and  Kinross.  The  Geological  Survey 
maps  of  tlie  volcanic  tracts  of  tlie  Sidlaw  Hills  have  been  prepared  by  my  brother.  Prof.  James 
Geikie,  and  Messi-s.  H.  M.  Skae  and  D.  R.  Irvine.  The  Western  Ochils  were  mapped  chiefly  by 
Mr.  B.  N.  Peach,  partly  by  Prof.  J.  Voung,  Mr.  R.  L.  Jack  and  myself;  the  Eastern  Ocliils 
w«TO  surveyed  mainly  by  Mr.  H.  II.  Howell ;  while  the  volcanic  belt  l)etween  the  tracts  mapi>ed 
by  me  in  Lanarkshire  and  in  Ayrshire  was  chielly  traced  out  by  Mr.  Peach.  As  a  rule,  each  of 
these  geologists  has  described  in  the  Survey  Memoii*s  the  i»ortions  of  country  surTcyed  by  hinu 
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south-east  side  another  similar  seiies  of  faults,  which  there  skirts  the  edge 
of  the  Silurian  table-land,  has  nearly  the  same  effect  in  precisely  defining 
the  margin  of  the  Old  Bed  Sandstone.  As  thns  limited,  the  tract  has  a 
breadth  of  about  50  miles  in  Scotland,  while  the  jwrtion  of  it  now  visible 
in  the  British  Isles  has  an  extreme  length  of  about  280  miles  (Map  III.). 

But  though  the  boundary-fiiults  determine,  on  the  whole,  the  present 
limite  of  the  tract  of  Old  Red  Sandstone,  they  do  not  necessarily  indicate 
the  shore-lines  of  the  sheet  of  water  in  wliich  that  great  series  of  deposits 
was  laid  down.  They  point  to  an  enormous  subsidence  of  the  tract  between 
them — a  prolonged  and  extensive  sagging  of  the  strip  of  country  that  stretches 
across  the  Midland  Valley  of  Scotland  into  the  north  of  Ireland.'  Tlits 
downward  mo^'ement  began  as  far  back  as  the  close  of  the  Silurian  period, 
but  the  marginal  fractures  and  the  disiuption  and  plication  of  the  thick 
masses  of  sandstone  and  conglomerate  which  were  accumulated  in  the  lake 
cliiefly  took  place  after  the  close  of  the  period  of  the  Lower  Old  Eed  Sand- 
stone. I  think  we  may  reasonably  connect  th&sc  mo\eineut9  with  the  general 
Binking  of  the  area  conse({nent  upon  the  enormous  outpouring  of  volcanic 
materials  during  that  period. 

Along  lioth  the  northern  and  southein  mai^ins  of  the  basin  there 
occur,  on  the  farther  side  of  the  boundary  faults,  outlying  patches  of  Lower 
Old  Red  Sandstone  that  rest  unconfonnably  on  the  rocks  fonning  the 
flanks  of  the  hilla  Tliese  areas  possess  a  peculiar  interest,  inasmuch  as 
they  reveal  some  parts  of  the  shore-line  of  the  lake,  and  show  the  relation 
between  the  earlier  rocks  and  the  sediments  of  the  (lid  Red  Sandstone. 
We  learn  from  them  that  the  shore-line  was  indented  with  wide  bays,  hut 
nevertheless  ran  in  a  general  north-easterly  direction.  It  thus  corresponded 
in  trend  with  the  present  ^lidland  >'alley,  with  the  axes  of  plication  among 
the  schists  of  the  Highlands  as  well  as  among  the  Silurian  rocks  of  the 
Southern  I'plands,  niul  with  tlie  suhsequent  faidting  and  folding  of  the 
Old  Red  Sandstone. 

I  may  remark  in  passing  tliat  the  conglomerates  and  other  associated 


Fig.  "3.— Section  at  tlie  «.Iki 


materials  which  have  been  preserveil  in  these  Imys  and  hollows  lieytmd  tin 

>  In  DOtiK'  of  tlic  dislufatiuiia  iiloric  tli>'  1Iif;l<1iti"l  1>»i'<li-r,  tlic  Old  Kfl  Sai.dstuiiu  is  lK.']it  Kirl 
niun  itself,  uid  the  nldrr  wliiHtHsn-  tliumiiiuli- tci  niliiii' H|»ii  it,  os  if  tlinrc  liiid  iiown  a  jnisli  eve 
Erom  the  HigliUnil  areu. 
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lines  of  tlie  great  faults,  though  they  lie  unconformably  on  the  roeka  beneath, 
aic  not  the  Iiasenient  portions  of  the  Old  Red  Sandstoue.  On  the  eontran-, 
where  their  proliable  stratigraphieal  horizons  can  be  recognized  or  inferred. 
they  are  found  to  belong  to  parts  of  the  series  considerably  above  the  liase 
of  the  whole.  Tliey  point  to  the  gradual  sinking  of  the  basin  and  the 
creeping  of  the  waters  with  their  littoral  shingles  further  and  further  up 
the  slopes  of  the  hills  on  either  side  (Fig.  73). 

liut  this  is  not  all  the  evidence  that  can  be  adduced  to  show  that  the 
limits  of  the  lake  extended  considerably  beyond  the  lines  of  dislocation 
l)etween  which  the  pi-esent  area  of  Old  lEed  Sandstone  mainly  lies,  Xo 
ofie  can  look  at  the  noble  escarpments  of  the  Braes  of  Boune  on  the  one 


side  (Fig.  74),  or  walk  over  the  upturned  conglomerates  and  andesites  which 
tlank  the  Lanarkshire  uplands  on  the  other,  without  being  convinced  that  if 
the  effects  of  the  bnundaiy  faults  could  be  undone,  so  as  to  lestore  the  original 
stiiicture  of  the  ground,  the  prolongations  of  the  rocks,  now  removed  by 
denudation,  would  be  found  sweeping  far  into  the  Highlands  on  the  north 
and  into  the  Silurian  Uplands  on  the  staitli. 

If  the  area  of  "  Lake  Caledonia  "  were  taken  to  be  defined  by  the  boundary 
faults,  it  covered  a  space  of  about  10,000  square  miles.  But,  as  we  know 
that  it  certainly  stretched  beyond  the  limits  marked  by  these  faults,  it 
must  have  been  of  still  greater  extent.  We  shall  prolmlily  not  exaggenite 
if  we  regard  it  as  somewhat  lai^er  than  the  present  Lake  Erie,  the  superficies 
of  which  is  about   9900  s'juare  miles.       In  this   long   narrow   basin   the 
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remarkable  volcanic  history  was  enacted  of  which  I  now  proceed  to  give 
some  account. 

The  Lower  Old  Ited  Sandstone  of  Central  Scotland  may  be  conveniently 
divided  into  three  great  groups,  each  of  which  marks  a  distinct  epoch  in 
the  history  of  the  basin  wherein  they  were  successively  accumulated.  The 
lowest  of  these  groups  indicates  a  time  of  quiet  sedimentation  during  which 
the  ]>a8in  was  defined  by  plication  of  the  terrestrial  crust,  and  when,  by  the 
same  subterranean  movements,  some  parts  of  the  floor  of  the  lake  were 
pushed  upward  above  water,  and  were  then  denuded  and  buried.  The 
middle  group  consists  largely  of  volcanic  rocks.  It  points  to  the  existence 
of  lines  of  active  volcanic  cones  situated  along  the  length  of  the  lake.  The 
uppermost  group  records  the  extinction  of  volcanic  action  and  the  gradual 
obliteration  of  the  lake,  partly  l)y  the  pouring  of  sediment  into  it,  and 
partly  no  doubt  by  the  continued  terrestrial  movements  which  had  originally 
produced  the  basin. 

It  is  evident  from  these  records  that  though  volcanic  activity  continued 
vigorous  for  a  vast  period  of  time,  it  had  entirely  ceased  in  "  l^ke  Caledonia  '* 
long  Ijefore  the  last  sediments  of  the  Lower  Old  Ked  Sandstone  were 
laid  down.  The  great"  cone^  of  the  Ochil  Hills,  for  example,  sank  below 
the  waters  of  the  lake  in  which  they  had  long  been  a  conspicuous 
feature,  and  so  protracted  was  the  subsidence  of  the  lake-bottom  that  the 
site  of  these  volcanoes  was  buried  under  8000  or  9000  feet  of  sandstones 
and  conglomerates,  among  which  no  trace  of  any  volcanic  eruptions  has 
yet  been  found.  The  sagging  of  the  terrestrial  cVust  over  an  area  from 
which  such  an  enormous  amount  of  volcanic  products  had  been  discharged 
would  doubtless  be  a  protracted  process.  Ixjng  after  the  subsidence  of  the 
lake-bottom  and  the  accumulation  of  its  thick  mass  of  sediments,  after  even 
the  entire  effacement  of  the  topography  and  the  deposition  of  the  thick 
Carboniferous  formations  over  its  site,  the  downward  movement  showed 
itself  in  the  production  of  gigantic  north  -  east  faults,  and  the  sinking 
of  the  Carboniferous  rocks  for  several  thousand  feet.  These  dislocations, 
as  was  natural,  have  run  through  the  he^irt  of  some  of  the  volcanic  groups, 
carrying  much  of  the  evidence  of  the  ancient  volcanoes  out  of  sight,  and 
leaving  us  only  fragments  from  which  to  piece  together  the  records  of  a 
volcanic  period  which  is  by  no  means  the  least  interesting  in  the  geologicjil 
history  of  this  country. 

(V)ntining  our  attention  for  the  present  to  the  records  of  the  middle  or 
volcanic  group,  we  find  evidence  of  a  number  of  distinct  clusters  of  volcanoes 
langed  along  the  whole  length  of  the  basin.  The  independence  of  these 
volcanic  districts  may  V)e  inferred  from  the  following  facts : — 1st,  The  actual 
vents  of  discharge  may  in  some  cases  be  recognized ;  2nd,  Even  where  these 
vents  have  been  buried,  we  may  often  observe,  as  we  approach  their  probable 
sites,  a  marked  increase  in  the  thickness  of  the  volcanic  accumulations,  as 
well  {IS  a  great  development  of  agglomerates  and  tutt's ;  .*>rd,  Traced  in 
opposite  directions,  the  volcanic  materials  are  found  to  thin  away  or  even 
to    disappear.      Those    from    one    centre    of   discharge    may    be    observed 
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now  and  then  to  overlap  those  from  another,  but  the  two  series  remain 
distinct. 

Reasoning  from  these  data  and  studying  the  distribution  of  the  various 
volcanic  areas,  we  are  led  to  recognize  the  former  existence  of  two  parallel 
chains  of  vents,  running  along  the  length  of  the  lake  at  a  distance  from 
each  other  of  somewhere  about  twenty  miles.  They  may  be  conveniently 
distinguished  as  the  northern  and  the  southern  chain. 

The  northern  band  runs  from  the  coast-line  near  Stonehaven  south-west- 
ward through  the  Sidlaw  and  Ochil  Hills.  It  is  then  abruptly  truncated  by  a 
large  fault  and  by  the  unconformable  superposition  of  the  Carboniferous  forma- 
tions. But  60  miles  further  to  the  south-west,  where  the  Old  Red  Sandstone 
comes  out  on  the  west  side  of  the  Firth  of  Clyde,  a  continuation  of  the  volcanic 
band  has  recently  been  detected  by  Mr.  W.  Gunn  of  the  Geological  Survey  in 
the  Island  of  Arran.  Twenty-five  miles  still  further  in  the  same  direction  a 
much  ampler  development  of  the  volcanic  rocks  occurs  to  the  south  of 
Campbeltown  in  Cantyre.  If  we  cross  the  22  miles  of  sea  that  separate 
the  Argyllshire  coast-sections  from  those  of  Red  Bay  in  Ireland,  we  find 
near  Cushendall  a  repetition  of  the  Scottish  volcanic  conglomerates, 
while  still  further  along  the  same  persistent  line,  sbme  50  miles  into  the 
interior,  the  hills  of  Tyrone  include  sheets  of  lava  precisely  like  those 
of  Central  Scotland.  The  total  length  of  this  northern  chain  of  volcanoes 
is  thus  not  much  less  than  250  miles,  and  as  its  north-eastern  end 
is  now  cut  oft*  by  the  Xorth  Sea  it  must  have  been  still  longer.  It  ran 
parallel  to  the  north-western  coast-line  of  the  lake,  at  a  distance  which, 
over  the  site  of  the  Midland  Valley  of  Scotland,  seems  to  have  varied  from 
10  to  20  miles,  but  which  greatly  lessened  further  to  the  south-west. 

At  a  distance  of  some  twenty  miles  to  the  south  of  the  northern  belt,  the 
second  parallel  chain  of  volcanoes  ran  in  a  nearly  straight  line,  which  is  now 
traceable  from  the  southern  suburbs  of  Edinburgh  to  the  coast  of  Ayrshire, 
a  distance  of  about  75  miles,  but  as  its  north-eastern  end  is  concealed 
by  Carboniferous  formations,  and  its  south-western  passes  under  the  sea,  its 
true  length  is  probably  considerably  more. 

If  the  areas  which  present  evidence  of  distinct  and  independent  vents 
are  grouped  according  to  their  positions  on  these  two  lines,  they  naturally 
arrange  themselves  as  in  the  following  list : — 

I.  Northern  Chain  of  Volcanoes 

1.  The  Montrose  Centre. 

2.  The  Sidlaw  and  Ochil  Group. 

3.  The  Arran  and  Cantyre  Centre. 

4.  The  Ulster  Centres. 

J  I.  Southern  Chain  of  Volcanoes 

5.  The  Pentland  Volcano. 

6.  The  Biggar  Centre. 

7.  The  Duueaton  Centre. 

8.  The  Ayrshire  Group. 
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The  distribution  of  these  various  -volcanic  areas  will  be  most  easily 
understood  from  an  examination  of  Map  III.  accompanying  this  volume. 

I.  THE  NORTHERX  CHAIN  OF  VOLCANOES  IN  "LAKE  CALEDONIA" 

1.   The  Montrose  Centre 

Beginning  at  the  north-eastern  end  of  the  area,  we  first  encounter  a 
series  of  volcanic  rocks  which  attain  their  maximum  thickness  in  Forfarshire 
around  the  town  of  Montrose.  The  main  vents  probably  lay  somewhere  to  the 
east  of  the  present  coast,  under  the  floor  of  the  North  Sea ;  at  least  no  clear 
indication  of  their  existence  either  on  the  coast  or  inland  has  ])eeu  detected. 
From  Montrose,  both  to  the  north-east  and  south-west,  the  lavas  thin  away, 
becoming  intercalated  among  the  sandstones,  flagstones  and  conglomerates, 
and  gradually  dying  out.  The  total  length  of  the  volcanic  belt  is  about  1 8 
miles,  that  is  nine  miles  from  the  central  thick  mass  in  a  north-easterly  and 
the  same  distance  in  a  south-westerly  direction.^  The  volcanic  pile  must  be 
several  thousand  feet  thick,  but  owing  to  the  prolongation  of  the  great  Ochil 
anticline,  the  lavas  roll  over  and  do  not  allow  their  base  to  be  seen.  The 
axis  of  the  fold  must  pass  out  to  sea,  through  the  hollow  on  which  the  town 
of  Montrose  stands.  The  volcanic  series  consists  of  andesite-sheets  with 
volcanic  conglomerates.  It  contains  little  ordinaiy  tuff,  but  the  conglomer- 
ates no  doubt  partly  represent  ejected  fragmental  material,  as  well  as  the 
waste  of  exposed  lavas.  A  section  across  the  anticlinal  foltl  from  Forfar  to 
Panbride,  a  little  to  the  south-west  of  Montrose,  would  reveal  the  structure 
shown  in  Fig.  67. 

In  the  north-eastern  prolongation  of  the  volcanic  series  from  the 
Montrose  centre,  successively  lower  members  are  exposed  along  the  coast- 
line. But  the  lavas  are  dying  out  in  that  direction,  and  sometimes  many 
hundreds  of  feet  of  ordinarv  sediment  intervene  between  two  successive 
flows.  It  was  in  one  of  these  long  pauses  near  the  top  of  the  whole 
pile  of  lavas  that  the  strata  of  Canterland  were  deposited,  to  which  reference 
has  already  been  made.  South-west  from  Montrose  the  thick  volcanic 
mass  rapidly  diminishes,  and  is  prolonged  to  the  end  only  by  three  or  four 
bands  separated  by  sandstones  and  flagstones.  It  is  in  these  intercalated 
groups  of  sedimentary  material  that  the  "  Forfarshire  flags  "  occur. 

Nowhere  can  the  details  of  the  Old  Ked  Sandstone  volcanic  rocks  be 
more  conveniently  studied  than  along  the  coast-section  in  this  district  from 
the  Bed  Head  to  Stonehaven.  The  rocks  have  not  only  been  cut  into 
vertical  cliffs,  but  along  many  parts  of  the  shore  they  have  been  also  laid  bare 
in  ground-plan,  so  that  a  complete  dissection  of  them  is  presented  to  the 
geologist     At  the  south  end,  the  top  of  the  volcanic  series  appears  at  the 

^  The  Bouth-weBteni  |Nirt  of  this  area  from  Arbroath  to  Johushaveu  was  niapjK'd  for  the 
Geological  Survey  by  the  late  Mr.  H.  M.  Skae,  the  north -easteni  part  by  Mr.  D.  R.  Irvine.  My 
account  of  it  is  mainly  taken  from  notes  made  by  myself  on  the  gi*ound  preliminary  to  the 
commencement  of  the  ma])])ing  of  the  Survey. 
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bold  promontory  of  the  I  e  I  Head  There  at  the  base  oi  the  cliffa  of  red 
sandstone  the  accompaiij  ing  se  tion  may  be  seen  Beneatli  the  red  false 
beided  ind  scnietinies  pebbly  sandstones  («)  which  form  nearly  the  whole 
precipice    lies   a   bind  of  dull    pmphsh   ashj    conglomerate  (rf)    composed 

almost  wholly  of  fragments 

of  different  andesites  im 
bedded  in  a  paste  of  tl  e 
bame  comminuted  material 
Towards  the  south  this 
rock  rapidl}  becomes 
coarsei  until  it  passes  into 
a  kmd  of  agglomerate  in 
which  the  andesite  blocks 
are  sometimes  a  yard  or 
more  in  diameter  It  in 
eludes  bands  of  sandstone 
which  increase  in  number 
an  1  thickness  towards  tl  e 
north  and  sometimes  inter 
ene  imlenieath  the  con 
glomerate.  The  lowest  rocks  here  visilile  are  sheets  of  andesite  or  "  por- 
phyrite  "  («),  separated  from  each  other  by  irregular  bright  red  layers  of 
tiifaceous  sand  and  agglomerate.  These  lavus  are  dull  purplish -grey  to 
gi-eeu,  some  of  them  being  tolerably  compact,  others  highly  amygdoloidal, 
with  large  steam-ciivitien  often  drawn  out  in  the  ilii-ection  of  flow. 

One  of  the  most  striking  features  in  the  andesites  of  this  coast  is  the 
remarkable  manner  in  which  tiiey  include  the  veinings  of  piile  gi'eeu  and  red 
sandstone  Jilready  ilescribetl  (see  Figs-  65.  6C).  Some  of  the  sheets  have  in 
cooling  cracked  into  rude  pulygons.  They  are  likewise  tra\'ersed  by  large 
cHvernous  spaces  and  intricate  Assures  or  steam-oivitiea  Into  all  these 
openings  the  mind  biis  been  waslied,  lilliiig  them  up  and  solidifying  into  well- 
stmtitied  sandstone,  the  bedding  of  which  is  generally  parallel  with  that 
of  tlie  rocks  that  enclose  it,  the  dip  of  the  whole  series  of  strata  being 
gently  seawards.  Hut  a  still  mtire  intimate  mixture  of  the  sand  with  the 
lava-sheets  is  to  be  remarketl  where  these  i-ocks  assume  their  most  slagg)' 
character.  In  arnne  of  them  the  upper  part,  to  a  depth  of  ten  or  twelve  feet, 
consists  of  mere  rugged  lunijis  of  slag  which,  while  tlie  mass  was  in  motion, 
were  proUibly  in  large  measure  loose,  and  rolled  over  eacli  other  as  they 
were  borne  onwanl.  The  sand  has  found  its  way  into  all  the  interstices  of 
these  dinker-bed.s,  and  now  binds  the  whole  mass  finiily  together.  At  first 
sight,  the.-w?  blinds  might  be  taken  for  agglomerates  of  ejected  blocks,  and 
as  alivady  suggested,  some  of  the  slags  may  have  been  thrown  ont  as  loose 
pieces,  luit  a  little  examination  will  show  that  in  the  main  the  rough 
scoriaceuus  lumps  are  pieces  of  the  lava  underneath.  In  these  instances, 
also,  it  is  clear  that  the  blocks  were  in  position  before  the  fine  sand  was 
sifted   into  their  intersimces,  i'or  the   pale  green  sandstone  is  horizontally 


CHAP.  XIX  MONTROSE  CENTRE  OF  ERUPTION  301 


stratified    through    its    intricate    ramifications    among    the    pile    of    dark 
clinkers. 

The  seaward  inclination  of  the  rocks  allows  the  succession  of  lavas  to 
be  seen  as  the  coast  is  followed  westward  into  Lunan  Bay.  On  the  further 
side  of  that  inlet,  after  passing  over  a  group  of  sandstones  that  underlie 
the  volcanic  series  of  the  lied  Head,  the  observer  meets  with  a  second  and 
lower  succession  of  lavas  which  in  the  five  miles  northward  to  Montrose 
Harbour  are  admirably  exposed  both  along  coast-clifts  and  on  the  beach. 
They  resemble  those  of  the  Eed  Head,  being  made  up  of  alternations  of  highly 
vesicular  andesite  with  more  compact  varieties,  and  showing  similar  sand- 
stone veinings.  Here  and  there,  as  at  Fishtown  of  Usar,  the  sea  has  cut  them 
down  into  a  platform  from  which  the  harder  p«irts  rise  as  fantastic  half-tide 
stacks.  In  some  cases,  the  more  durable  rock  consists  of  the  slaggj'  upper 
portions  of  the  flows,  and  in  one  case  this  material  stands  up  as  a  rude 
pillar  twelve  feet  high,  composed  of  clinkei-s  firmly  cemented  with  veinings 
of  sandstone.  The  geologist  who  wanders  over  this  coast-line  is  arrested  at 
every  turn  by  the  mar\'ellously  fresh  volcanic  aspect  of  many  of  the  lavas. 
Their  upper  parts  are  so  cellular  that  if  the  calcite,  chalcedony  and  other 
infiltrated  minerals  were  removed  from  their  vesicles,  they  would  be  trans- 
formed into  surfaces  of  mere  slag.  In  one  respect  would  their  antiquity 
still  be  evident.  These  slaggy  bands  are  generally  a  good  deal  reddened,  as 
if  they  had  been  long  exposed  to  oxidation  before  being  covered  by  the 
overlying  sheets  of  lava — a  feature  already  cited,  as  probably  indicating  the 
lapse  of  some  considerable  interval  of  time  between  successive  outflows. 

Along  this  coast-section  the  absence  of  intercalated  tuffs  is  soon  re- 
marked. The  volcanic  ejections  seem  to  have  consisted  almost  entirely 
of  andesitic  lavas,  though  it  is  possible  that  here  and  there  the  very 
slaggy  bands  between  the  more  solid  parts  of  the  sheets  may  include  a 
little  pyroclastic  material.  The  lowest  portion  of  the  volcanic  group  here 
visible  is  reached  at  Montrose  Harbour,  where,  in  the  flagstones  and  shales 
of  Ferryden,  the  late  Eev.  Hugh  Mitchell  obtained  some  of  the  fossil-fishes 
of  the  formation. 

A  space  of  more  than  three  miles  now  intervenes  where  the  rocks  are 
concealed  by  blown  sand  and  other  superficial  accumulations.  It  is  through 
this  hollow,  as  already  stated,  that  the  great  Ochil  anticline  runs  out  to  sea. 
On  the  north  side  of  the  North  Esk  River,  we  again  come  upon  the  same 
band  of  lavas  as  to  the  south  of  Montrose,  but  with  a  dip  to  the  north-west. 
This  inclination,  however,  soon  bends  round  more  westerly,  and  the  result 
of  the  change  is  to  expose  a  slowly  descending  section  all  the  way  to  the 
Highland  fault  at  Stonehaven. 

A  picturesque  line  of  high  inland  cliff,  running  northwards  l^eyond  St. 
Cyrus,  reveals  with  great  clearness  the  bedded  structure  of  the  andesites. 
But  as  one  moves  northward,  owing  to  the  change  in  the  direction  of  dii»» 
one  finally  passes  out  of  this  volcanic  belt  and  begins  gradually  to  descend 
into  the  thick  Kincardineshire  Old  Red  Sandstone.  The  amount  of  con- 
glomerate exposed  along  this  part  of  the  coast-line  probably  considerably 
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surpasses  in  thickness  any  other  conglomerate  series  in  the  Lower  Old  Eed 
Sandstone  of  Britain.  Throughout  the  enormous  depth  of  sedimentary 
material,  the  conglomerates  are  well-bedded,  consisting  of  a  dull  green  paste, 
composed  in  large  degree  of  comminuted  andesitic  debris,  and  inter- 
stratitied  with  green  felspathic  sandstones.  They  are  often  remarkably 
coarse,  the  pebbles  sometimes  measuring  three  feet  in  length.  Interposed 
among  them  are  some  ten  or  twelve  bands,  probably  often  single  outflows 
of  andesite,  sometimes  compact  and  porphyritic,  at  other  times  highly 
amygdaloidaL  Such  is  the  succession  of  rocks  for  many  miles  along  the 
shore  ;  and  as  the  inclination  varies  from  a  little  north  of  west  to  west,  or  even 
west  by  south,  the  observer  gradually  passes  over  a  thickness  of  rather  more 
than  2000  feet  from  the  base  of  the  St.  Cyrus  andesites  to  Gourdon.  In  this 
accumulation  of  coarse,  well  water- worn  material,  with  abundant  intercalations 
of  finer  sandstone  and  occasional  sheets  of  lava,  there  is  the  record  of  pro- 
longed and  powerful  denudation  with  intermittent  volcanic  activity.  Dykes 
of  a  quartziferous  porphyry  cut  the  conglomerates,  and  at  Gourdon  they  are 
pierced  by  the  intrusion  of  serpentine  above  referred  to. 

The  proportion  of  andesite  fragments  in  the  conglomerates  of  this  part 
of  the  coast  varies,  but  is  generally  nmch  lower  than  that  of  the  ixx?ks  from 
the  Highlands.  Thus  at  Johnshaven,  out  of  100  blocks,  broken  promiscu- 
ously from  the  conglomerate,  I  found  that  only  8  per  cent  were  of  andesite, 
while  44  per  cent  were  of  quartzite,  and  the  remainder  consisted  of  various 
quartz-porphyries,  granites  and  schists.  It  is  evident,  therefore,  that  some 
area  of  crystalline  rocks  was  subjected  to  enormous  waste,  and  that  its  detritus 
was  strewn  over  the  floor  of  Lake  Caledonia,  at  the  same  time  that  from  the 
Montrose  volcanic  vents  many  streams  of  andesitic  lava  were  poured  forth. 

A  vast  mass  of  coarse  conglomerate  intervenes  between  Gourdon  and 
Dunnottar,  and  forms  a  nearly  continuous  line  of  precipices  which  in  some 
places  rise  200  feet  above  the  waves.  The  bedding  is  everywhere  distinctly 
marked,  so  that  there  is  no  difficulty  in  following  the  succession  of  the  strata, 
and  estimating  their  thickness.  From  the  last  of  the  lavas  at  Gourdon 
to  the  base  of  the  conglomerates  near  Stonehaven,  there  lies  an  accumulation 
of  conglomerate  at  least  8000  feet  thick.  The  boulders  and  pebbles  in 
these  deposits  are  generally  well-rounded,  and  vary  up  to  four  feet  or  more 
in  length.  I  observed  one  of  quartz-porphyry  at  Kinneff  which  measured 
seven  feet  long  and  six  feet  broad.  The  proportion  of  andesite  fragments 
in  these  conglomerates  continues  to  be  small.  I  ascertained  that  in  the 
coarsest  mass  at  Kinneff  they  numbered  only  14  per  cent ;  at  Todhead  Point, 
a  mile  and  a  half  to  the  north,  20  per  cent,  and  at  Caterline,  three  quarters 
of  a  mile  further  in  the  same  direction,  2 1  per  cent. 

In  the  midst  of  this  gigantic  accumulation  of  the  very  coarsest  water- 
worn  detritus,  there  are  still  records  of  contemporaneous  volcanic  action. 
Near  Kinnetf  the  beautiful  andesite,  with  large  tabular  crystals  of  plagio- 
clase,  alluded  to  on  p.  274,  occurs  in  the  conglomerate.^     South  of  Caterline 

^  For  an  analysis  of  the  felspar  in  this  rock,  see  Prof.  Heddle's  paper.  Trans.  Boy,  Sue.  Ediu. 
xxviii  (1879),  p.  257. 
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two  Hows,  lying  etill  lower  iii  the  Bystem,  project  into  the  sea.  One  of 
these  presents  a  section  of  much  interest  It  shows  a  central  solid  portion, 
jointed  into  rudely  prismatic  blocka,  with  an  indefinite  platy  structure,  which 
gives  it  a  roughly-bedded  aspect.  Its  upi>er  ten  or  twelve  feet  are  sharply 
marked  otf  by  their  sla^y  structure,  ending  upwards  in  a  wavy  surface  like 
that  of  the  Vesuvian  lava  of  1858.  Into  its  fissures,  steam-cavities  and 
irregular  hollows,  line  sand  has  been  washed  from  above,  as  at  Bed  Head, 
while  immediately  above  it  comes  a  coarse  conglomerate  of  the  usual  character 
(Fig.  76).  Still  lower 
down,  beneath  some  dOO 
feet  of  remarkably  coarse 
conglomerate,  another 
group  of  sheets  of  an- 
desite  abuts  at  Crawton 
upon  the  coast,  with 
which,  at  a  short  dis- 
tauce  inland,  it  runs 
parallel  for  more  than 
two  miles,  coming  back 
to  the  sea  at  Thornyhive 
Bay  and  at  Maideukaiui. 
We  have  then  to  pass 
over  about  5000  feet  of 
similar  conglomerates, 
until,  after  having  crossed 
several  intercalated  sheets  of  andeaite,  we  meet  with  the  last  and  lowest  of 
the  whole  volcanic  series  of  this  region  in  the  form  of  some  bands  of  porphyrite 
at  the  Bellman's  Head,  Stonehaven,  The  peculiar  get^raphical  conditions  that 
led  to  the  formation  of  the  coarse  conglomerates  appear  to  have  been  established 
at  the  same  time  that  the  volcanic  eruptions  began,  for  as  we  descend  in 
the  long  coast  section,  we  find  that  the  coarse  sediment  and  the  intercalated 
lavas  cease  on  the  same  genei'al  horizon.  Below  that  platform  lie  some 
5000  feet  of  red  sandstones  and  red  shales,  yet  the  base  of  the  series  is 
not  seen,  for  the  lowest  visible  strata  have  been  faulted  against  the  schists 
of  the  Highlands.  It  is  thus  obvious  that  more  than  5000  feet  of  sediment 
had  Iteen  laid  down  over  this  part  of  the  floor  of  I^ke  Caletlonia  liefbre  the 
first  lavas  were  here  empted. 


[loiiiemlc.    Todheiul.  sotttli  of  (.'iiterliDt;,  coast  of  KiticardiiicHhire. 


2.   T}ic  Sii'laif  and  Odiil  Groi-p 

The  volcanoes  which  poured  out  the  masses  of  material  that  now  tbnn 
the  chain  of  the  Ochil  and  Sidhiw  Hills  appear  to  have  been  among  the  most 
vigorous  in  the  whole  region  i)f  Ijike  Caledonia.  Their  chief  vents 
probably  lay  towards  the  south-west  in  the  neighlwurliood  of  Stirling,  where 
the  lavas,  agglomerates  and  tuffs  dischargetl  from  them  reach  a  thickness  of 
not  less  than  6500  feet,  without  revealing  their  bottom.     From  that  centre 
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the  lavas  range  continuously  for  nearly  fifty  miles  to  the  nortli-east,  until 
they  reach  the  sea  at  Tayport ;  but  they  are  prolonged  on  the  north  side  of 
the  Firth  of  Tay  from  Broughty  Ferry  to  near  Arbroath,  so  as  to  overlap  those 
of  the  Montrose  group.  They  thus  attain  a  total  length  of  nearly  sixty 
miles  in  a  north-easterly  line.  How  far  they  stretched  south-west  cannot 
now  be  ascertained,  for  they  have  been  dislocated  and  buried  in  that  direc- 
tion under  the  Carboniferous  formations  of  the  Midland  Valley. 

It  will  be  observed  from  the  map  (No.  III.)  that  the  great  volcanic 
ridge  of  the  Ochil  Hills  continues  unbroken  for  twenty-two  miles,  from 
Stirling  to  Bridge  of  Earn.  Thereafter  it  branches  into  two  divergent  portions, 
one  of  which  runs  on  through  the  north  of  Fife  to  the  southern  promontory 
of  the  estuary  of  the  Tay,  while  the  other,  after  sinking  below  the  alluvial 
plains  of  the  Earn  and  the  Tay,  mounts  once  more  into  a  high  ridge  near 
Perth,  and  thence  stretches  eastward  into  Forfarshire  as  the  chain  of  the 
Sidlaw  Hills.  This  bifurcation  is  due  to  the  opening  out  and  denudation  of 
the  great  anticlinal  fold  above  mentioned.  The  rocks  in  the  northern  limb 
dip  north-westward,  those  in  the  southern  limb  dip  south-eastward.  The 
lower  members  of  the  Old  Bed  Sandstone,  underlying  the  volcanic  series, 
ought  to  be  seen  beneath  them  along  the  crest  of  the  anticline.  Unfor- 
tunately, however,  partly  by  the  action  of  faults  along  the  boundaries  of  the 
volcanic  bands,  but  chiefly  from  the  unconformable  overspread  of  Upper  Old 
Bed  Sandstone  and  Lower  Carboniferous  rocks  across  the  plains  of  the  Carse 
of  Gowrie  and  of  the  Earn,  the  lower  parts  of  the  system  are  there  concealed 
(see  Fig.  78).  As  already  remarked,  this  important  anticlinal  fold  runs  to 
the  north-east  across  Forfarshire,  and  passes  out  to  sea  north  of  Montrose. 

Through  the  Ochil  chain  the  fold  runs  obliquely  in  a  south-westerly 
direction,  until  it  is  truncated  by  the  great  fault  which  lets  down  the 
Clackmannan  coalfield.  The  total  traceable  length  of  this  anticline  is  thus 
about  sixty  miles.  It  flattens  down  towards  the  south-west ;  consequently 
the  rocks  in  the  western  part  of  the  Ochil  Hills  are  so  gently  inclineil  that 
the  same  bands  mav  be  followed  winding  round  the  sides  of  the  vallevs,  and 
giving  to  the  steep  declivities  the  terraced  contours  to  which  allusion  has 
already  been  made  (see  Fig.  68).  Another  result  of  this  structure  is  that 
the  base  of  the  volcanic  series  is  entirely  concealed  by  its  higher  portions. 

From  an  examination  of  the  map  it  will  be  further  obvious  that  the 
whole  wide  plain  of  Strathmore — that  is  the  great  hollow,  more  than  80 
miles  long  and  about  ten  or  twelve  miles  broad,  which  stretches  between  the 
base  of  the  Highland  mountains  and  the  north-western  slopes  of  the  Ochil 
and  Sidlaw  chain — is  underlain  with  volcanic  rocks  of  Lower  Old  Red  Sand- 
stone age.  This  plain  lies  on  a  broad  synclinal  fold,  along  the  south-east 
side  of  which  the  lavas,  tuffs  and  conglomerates  of  the  Ochil  and  Sidlaw 
Hills  dip  under  a  thick  accunmlation  of  red  sandstone  and  flagstone.  On 
the  north-west  side  similar  lavas  and  tuff's  rise  again  to  the  surface,  both  on 
the  southern  side  of  the  great  boundary  faults,  and  also  in  the  little  bays 
which  here  and  there  survive  on  the  northern  side  of  the  dislocations 
(Fig.  77).     I  have  already  alluded  to  these  interesting  relics  of  the  shore- 
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line  of  Lake  Caledonia,  and  to  the  fact  that  though  they  lie  unconformably 
on  the  Highland  schists,  they  do  not  belong  to  the  actual  basement  members 
of  the  Old  Ked  Sandstone  {aitdey  p.  295,  and  Fig.  73).  We  have  seen  that 
below  the  bottom  of  the  volcanic  series  a  thickness  of  5000  feet  of  sand- 
stones and  shales  emerges  on  the  Stonehaven  coast,  and  yet  that  even  there 
the  base  of  the  whole  system  is  not  visible,  owing  to  the  effect  of  the  High- 
land boundary  fault. 

It  is  thus  evident  that  over  the  bottom  of  Lake  Caledonia  a  verv  thick 
deposit  of  tolerably  tine  sedimentary  material  was  spread  before  the  commence- 
ment of  the  Ochil  and  Sidlaw  eruptions, — that  when  the  lavas  were  poured 
out  and  the  coarse  conglomerates  began  to  be  formed,  these  materials  over- 
lapped the  older  deposits  and  gradually  encroached  upon  the  subsiding  area 


Fio.  77. — Section  across  the  Bouinlary-fault  of  the  Highhuuls  at  Glen  Turrit,  Perthshire. 

I,  Crystalline  schists  of  the  Highlands;  c  r,  conglomerates  and  sandstones  (Lower  Old  Red  Sandstone)  with  inter- 

stratiHed  volcanic  rocks  (y  r) ;  /,  fanlt. 

of  the  Highlands.  The  lavas  rolled  across  the  tloor  of  the  lake  and  entered 
the  successive  bays  of  the  northern  coast-line,  where  their  outlying  patches 
may  still  be  seen. 

From  these  facts  it  is  clear  that  to  the  actually  visible  area  of  volcanic 
material  in  the  Ochil  and  Sidlaw  region,  and  to  the  anticlinal  tract  whence 
the  andesites  have  been  removed  by  denudation,  we  have  to  add  the  area 
that  lies  under  the  plain  of  Strathmore,  which  may  be  computed  to  be  at 
least  800  square  miles,  making  a  total  of  probably  not  less  than  1300 
square  miles.  But  it  will  be  remembered  that  practically  only  one  side  of 
the  anticlinal  fold  is  accessible  to  observation.  We  cannot  tell  how  far  in  a 
southerly  direction  the  lavas  of  the  Ochil  Hills  may  extend.  It  is  quite 
possible  that  not  a  half  of  the  total  area  covered  by  the  eruptions  of  this 
volcanic  group  is  now  within  reach,  either  of  observation  or  of  well-founded 
inference. 

One  further  general  characteristic  of  this  volcanic  district  will  be  obvious 
from  an  inspection  of  the  map.  While  the  thickest  mass  of  lavas  and  tuffs, 
lying  towards  the  south-west,  points  to  the  existence  of  the  most  active  vents 
in  that  part  of  the  area,  the  actual  positions  of  these  vents  have  not  been 
detected.  Probably  they  lie  somewhere  to  the  south  of  the  edge  of  the 
Ochil  chain,  under  the  tract  which  is  overspread  with  the  coalfield.  But 
other  and  possibly  minor  orifices  of  eruption  appear  to  have  risen  at 
irregular  intervals  towards  the  north-east  along  the  length  of  the  lake.  Thus 
there  are  numerous  bosses  of  felsitic  and  andesitic  rocks  among  the  central 
Ochils,  some  of  which  may  mark  the  positions  of  active  vents.  For  some 
miles  to  the  east  of  that  area  an  interval  occurs,  marked  by  the  presence  of 
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only  a  few  small  intrusive  masses.     But  as  the  broad  anticline  of  the  Firth 

of  Tay  opens  out  and  allows  the  lower  or  pre-volcanie 
members  of  the  Old  Red  Sandstone  to  approach  the 
surface,  another  group  of  bosses  emerges  from  the 
lower  sandstones  and  flagstones.  Some  of  these 
cover  a  considerable  space  at  the  surface,  though 
a  portion  of  their  visible  area  may  be  due  to  lateral 
extravasiition  from  adjacent  pipes,  the  true  dimensions 
of  which  are  thereby  obscured.  Some  of  the  masses 
are  undoubtedly  sills.  In  the  case  of  Dundee  Law 
we  probably  see  both  the  pipe  and  the  sill  which 
proceeded  from  it ;  the  prominent,  well-defined  hill 
marking  the  former,  while  the  band  of  rock  which 
stretches  from  it  south-westwards  to  the  shore  belongs 
to  the  latter.  The  material  that  forms  the  bosses  and 
sills  in  this  neighbourhood  is  generally  a  dark  com- 
pact andesite.  The  rock  of  Dundee  Law  was  found 
by  Dr.  Hatch  to  show  under  the  microscope  "  striped 
lath-shaped  felspars  abimdantly  imbedded  in  a  finely 
granular  groundmass,  speckled  with  granules  of  mag- 
netite, but  showing  no  unaltered  ferro- magnesia n 
constituents."  Here  and  there  in  the  same  district 
a  solitary  neck  may  be  observed  filled  with  agglomer- 
ate (Fig.  78). 

The  variations  in  the  structure  of  the  Ochil  and 
Sidlaw  volcanic  group  will  be  most  easily  understood 
from  a  series  of  parallel  sections.  Iteginning  on  the 
north-eastern  or  Sidlaw  branch  of  the  volcanic  band, 
we  find  the  arrangement  of  the  rocks  to  be  as  is 
shown  in  the  accompanying  figure^  (Fig-  'i^S).  As 
is  usually  the  case  in  this  region,  the  base  of  the 
volcanic  series  is  here  concealed  by  the  fault  which 
brings  down  the  Upper  Old  Ked  Sandstone  under 
the  alluvial  deposits  of  the  Carse  of  Gowrie.  The 
total  thickness  of  the  series  in  this  section  is  abput 
2500  feet.  The  rocks  consist  of  successive  sheets 
of  andesite  of  the  familiar  types,  varj'ing  in  colour 
through  shades  of  blue,  purple  and  red,  and  in  texture 
from  a  dull  compact  almost  felsitic  character  to 
more  coarsely  crystalline  varieties.  They  are  often 
amygdaloidal,  especially  in  the  upper  and  lower 
portions  of  the  individual  flows.  They  are  not  in- 
frequently separated  from  each  other  by  courses  of  conglomerate  or  ashy 
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^  This  section  and  the  notes  acconijtanying  it  have  been  supplied  by  Prof.  James  Geikie,  who 
mapped  the  western  half  of  the  Sidlaw  range  for  the  Geological  Survey.  The  eastern  half  was 
mapped  by  the  late  Mr.  H.  M.  Skae. 
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sandstone  and  grit.  Of  these  intercalations  four  are  of  suttieient  thickness 
and  persistence  to  be  mapped,  and  are  shown  on  the  Geological  Survey 
Sheet  48.  The  stones  in  the  conglomerates  vary  up  to  blocks  two  feet  in 
diameter,  and  consist  chiefly  of  andesites,  but  include  also  some  pink  felsites 
and  pieces  of  greenish  hardened  sandstone.  Generally  they  are  more  or 
less  well-rounded ;  but  occasionally  they  become  angular  like  those  of  vol- 
canic agglomerates. 

One  of  the  most  interesting  features  in  this  section  is  the  neck  which  at 
Over  Durdie  rises  through  the  volcanic  series.  Oval  in  form,  it  measures 
630  yards  in  one  diameter  and  350  in  another,  and  is  tilled  with  pinkish 
granular  tuff,  full  of  andesitic  lapilli  and  blocks.  A  much  smaller  neck  of 
siinilar  material  lies  about  100  yards  further  to  the  south-west.  There 
seems  no  reason  to  doubt  that  these  necks  mark  two  of  the  volcanic  vents 
belonging  to  a  late  part  of  the  volcanic  history  of  the  district. 

The  structure  of  the  Sidlaw  range  is  repeated  among  the  hills  of  east 
Fife  on  the  southern  side  of  the  great  anticlinal  fold.^  Thus  a  section  from 
near  Xewburgh  on  the  Firth  of  Tay  southward  to  near  Auchtermuchty  in 
Stratheden  gives  the  arrangement  of  rocks  shown  in    Fig.  79.        In   this 


Fig.  79. — Section  across  the  Eastern  Ocliil  Hills  from  near  Newluirgli  to  near  Aucliterninclity. 

1.  Lower  Old  Red  Sandstones  and  congloinerateH  :  2.  Andesite  lavas  ;  3.  Volcanic  conj{loiiierat»*.s  ;  4.  Upi)er  OM 

\\^\  Sandstone. 

traverse  a  thick  mass  of  fragmeutal  material  occurs  in  the  higher  part  of  the 
series  of  volcanic  rocks.  Though  on  the  whole  stratified  and  forming  a 
group  of  conglomerate-beds  between  the  lavas,  the  material  is  in  places  an 
amorphous  agglomerate  of  volcanic  blocks  varying  in  size  up  to  two  feet  in 
diameter.  These  portions  show  abundant  angular  and  subangular  blocks, 
many  of  which,  after  having  undergone  some  attrition,  have  been  finally 
broken  across  Injfore  reaching  their  present  resting-places.  Sharply  fmctured 
surfaces  ciin  be  picked  out  of  the  felspathic  ashy  matrix.  The  stones  are 
chiefly  varieties  of  andesite,  but  they  include  also  pink  felsites  and  pieces  of 
some  older  fine-grained  tuff. 

These  fragmental  materials  form  a  local  deposit  about  nine  miles  long, 
and  probably  not  less  than  1700  feet  thick.  They  are  partly  interstratified 
with  flows  of  andesite.  Though,  from  the  rounded  forms  of  some  of  the 
pebbles,  wave-action  may  be  inferred  to  have  been  concerned  in  their 
accumulation,  they  seem  to  be  mainly  due  to  volcanic  explosions.  No  trace, 
however,  has  been  found  of  the  vent  from  which  the  eruptions  took  place. 
Not  improbably  its  site  lies  somewhere  to  the  south  in  the  area  now  concealed 
under  the  Upper  Old  Eed  Sandstone  and  Carboniferous  formations.  The 
large  size  of  many  of  the  blocks  suggests  that  they  do  not  lie  far  from  their 

*  The  eastern  part  of  the  Ocliils  was  mapiwd  for  the  Geological  Survey  by  Mr.  H.  H.  Howell 
and  Mr.  B.  N.  Peach. 
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parent  focus  of  discharge.  It  is  impossible  to  tell 
how  much  of  the  volcanic  series  is  here  concealed  by 
the  unconformable  overlap  of  the  younger  formations. 

A  section  across  the  centre  of  the  Ochil  chain,^ 
from  Dunning  in  Strathearn  to  the  Crook  of  Devon 
and  the  Fife  Coal-field,  gives  the  structure  which  is 
generalized  in  Fig.  80.  At  the  north  end  the  vol- 
canic series  is  found  to  be  gradually  split  up  into 
separate  lava-sheets  until  it  dips  under  the  red  sand- 
stones of  Strathearn.  Traced  southwards  the  rocks 
become  entirely  volcanic.  Some  of  their  most  con- 
spicuous and  interesting  members  are  pale  felsitic 
tuffs,  which  occupy  a  considerable  tract  of  ground 
about  Craig  Rossie,  south-east  of  Auchterarder.  As 
the  dip  gradually  lessens  the  harder  lavas  are  able  to 
spread  over  wider  tracts  of  ground,  capping  the  hills 
and  ridges,  while  underneath  them  thick  masses  of 
tuff  and  conglomerate  are  laid  bare  in  the  valleys. 
A  number  of  bosses  of  orthophyre  rise  through  these 
rocks  and  are  accompanied  by  many  veins  and  dykes 
of  similar  material.  It  is  not  improbable  that  some 
of  these  bosses,  as  already  suggested,  may  represent 
vents.  They  are  especially  prominent  among  the  hills 
due  south  of  Auchterarder.  One  of  these  eminences, 
known  as  the  Black  Mailer,  is  composed  of  a  tj^ical 
orthoclase-felsite  without  mica.  Another,  about  four 
and  a  half  miles  further  south,  forms  the  conspicuous 
summit  of  Ben  Shee  overlooking  Glen  Devon,  and 
consists  of  a  similar  rock  with  a  characteristic  platy 
structure. 

No  necks  of  agglomerate  have  been  observed  in 
this  part  of  the  chain.  It  will  be  seen  from  the 
section  that  the  lowest  visible  parts  of  the  Ochil 
volcanic  series  are  here  truncated  by  a  fault  which 
brings  in  the  lower  part  of  the  Carboniferous  system. 
By  a  curious  conjuncture,  immediately  on  the  south 
side  of  this  fault,  a  band  of  tuff  appears,  lying  on 
the  platform  of  the  Carboniferous  "plateau -lavas," 
to  \m  hereafter  considered,  and  passing  below  the 
well-known  Hurlet  seam  of  the  Carboniferous  Lime- 
stone, while  through  these  strata  rises  one  of  the  puys 
belonging  to  the  second  phase  of  volcanic  activity  in 
Carboniferous  time  in  Scotland. 

The  best  sections  to  show  the  nature  and  sequence 
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^  The  central  portion  of  the  Oeliils  was  niapi>ed  for  the  Geological  Survey  by  Mr.  B.  X.  Peach, 
Prof.  James  Geikie,  Prof.  J.  Young,  Mr.  R.  L.  Jack  and  myself. 
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of  the  volcanic  series  of  the  Ocliil  Hills  are  to  be 
observed  at  the  west  end  of  the  chain  But  as 
the  whole  succession  of  rocks  cannot  c  jn\eiiiently 
be  obtained  along  one  line,  it  is  better  to  make 
several  traverses,  starting  in  each  case  from  a  l^n  )w  n 
horizon.  In  this  way,  by  meaus  of  three  parall  1 
sections,  we  may  obtain  the  wiiole  series  of  I<i\ii 
and  tuffs  in  continuous  order.  The  first  line  f 
section  starts  in  the  lowest  part  of  the  tufts 
represented  at  the  bottom  of  the  group  in  iig 
80,  and  runs  up  to  the  first  thick  iiahj  intercala 
tion  amoug  the  lavas.  Following  this  bed  south 
westward  to  the  Burn  of  Sorrow,  we  niaWe  from 
that  horizon  a  second  traverse  across  the  strike 
to  the  summit  of  King's  Seat  Hill  CI  11  feet 
above  the  sea),  where  we  meet  witli  a  well  marl  ed 
lava  which  can  be  traced  south -westwaids  gradu 
ally  descending  the  southern  escai-pment  of  the 
hills  until  it  reaches  the  boundary  fault  near  the 
village  of  Menstrie.  Starting  again  from  this 
definite  horizon,  we  take  a  third  line  across  tlie 
top  of  Dumyat  {1373  feet)  to  the  plain  ot  Sherift 
muir,  and  there  pass  beyond  tlie  volcanic  series 
into  the  overlying  red  sandstones.  Arranged  thiH 
in  continuous  vertical  sequence  the  suLcession  is 
found  to  be  as  represented  in  Fig.  81  The  total 
thickness  of  volcanic  material  anloulU•^  tJ  moit 
than  6500  feet. 

In  this  vast  pile  of  volcanic  ejections  tht. 
lavas  are  almost  entirely  andesites  ot  the  usual 
characters.  They  include  many  slaggj  and 
amygdaloidal  varieties,  some  leautiful  porphjue 
with  large  tabular  felspai-s,  likewise  the  resin 
ous  or  glassy  variety  already  referied  to  ■is 
occurring  above  Airthrey  Castle.  Their  upi  er 
and  under  surfaces  show  the  same  striietuie  i 
already  described  in  those  of  the  coast  set.tions  in 
the  Montrose  tract.  They  include  also  more  acul 
lavas,  like  the  pale  pink  deconiposinj,  ftlsites  ff 
the  Pentland  Hills. 

The  tutfs  and  conglomerates  itcciir  on  \\\x\\\\ 
platfonns  throughout  the  succession  ol  lu\a  sheet 
They  form  the  lowest  visible  part  of  tht  whnk 
volcanic  series,  but  they  are  most  abuiid  int  tow  trd 
the  top,  and  are  best  displayed  at  tht,  western 
end  of  the  hills.     In  Dumyat   they  form  a  con 
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spicuous  feature.  The  whole  of  that  hill  consists  of  a  constant  alternation 
of  lavas  (chiefly  slaggy  andesites,  but  including  also  one  felsitic  flow)  with 
bands  of  coarse  and  finer  tuff  and  volcanic  conglomerate.  The  greatest 
continuous  mass  of  this  fragmental  material  is  GOO  or  700  feet  thick. 
From  the  extraordinary  size  of  its  included  blocks  it  obviously  must  have 
been  formed  of  ashes,  stones  and  huge  pieces  of  lava  ejected  from  some 
vent  in  the  near  neighbourhood.  Some  of  the  individual  blocks  in  this 
mass  are  as  large  as  a  Highland  crofter's  cottage. 

The  uppermost  lavas  of  Dumyat  dip  under  a  still  higher  series  of  coarse 
volcanic  conglomerates  entirely  made  up  of  andesitic  debris  and  reaching  a 
thickness  of  about  1000  feet.  This  enormous  accumulation  was  probably 
due  partly  to  the  abrasion  of  exposed  cones  and  lava-ridges,  and  partly  to 
volcanic  discharges  of  fragmentary  materials.  Yet  it  is  worthy  of  note  that 
even  amidst  these  evidences  of  the  most  vigorous  volcanic  activity  we  have 
also  proofs  of  quiet  sedimentation  and  traces  of  the  fishes  that  lived  in  the 
waters  of  the  lake.  This  particular  zone  of  coarae  conglomerate  as  it 
extends  in  a  south-westerly  direction  becomes  finer,  and  its  upper  part 
passes  into  a  chocolate-coloured  sandstone  which  has  been  quarried  at 
Wolfe's  Hole,  Westerton,  Bridge  of  Allan,  at  a  distance  of  about  three 
miles  from  where  the  line  of  section  runs,  which  is  embodied  in  the  diagraih, 
Fig.  81.  It  was  from  this  locality  that  the  specimens  of  Euccphalaspis, 
Ptcraspis  and  Scajihaspis  were  obtained  which  were  described  by  Professor 
Eay  I^nkester.^ 

Above  the  last-named  thick  gi'oup  of  coarse  volcanic  conglomerates  a 
solitary  sheet  of  dark  slaggj'  andesite  may  be  observed.  This  lava  is  then 
overlain  by  the  great  depth  of  chocolate-coloured  and  red  sandstones  and 
marls  of  the  plain  of  Strathmore  {c  in  Fig.  81).  Nevertheless  a  few 
hundred  feet  up  in  these  sedimentary  deposits  we  meet  with  yet  one 
further  thin  sheet  of  lava — the  last  known  eruption  of  the  long  volcanic 
history  of  this  district. 

Before  quitting  the  Ochil  range  I  may  refer  to  the  evidence  there 
obtainable  as  to  the  horizontal  extent  of  separate  sheets  of  lava.  The 
western  end  of  this  range  affords  great  facilities  for  following  out  individual 
beds  of  andesite  along  the  bare  terraced  front  of  the  great  escarpment. 
Thus,  the  easily  recognizable  porphyrite  which  caps  King's  Seat  Hill,  above 
Tillicoultry  (see  Fig.  68),  can  be  traced  winding  along  the  hill-slopes  until 
it  descends  to  the  plain,  and  is  then  lost  under  the  great  fault,  at  the  foot 
of  Dumyat — a  distance  of  more  than  six  miles.  There  is,  therefoi*e,  nn 
ditticulty  in  supposing  that  from  the  Ochil  line  of  vents  streams  of  lava 
should  have  rolled  along  the  floor  of  the  lake  across  to  the  base  of  the 
Highland  slopes,  10  or  12  miles  distant.  We  cannot  tell,  of  course, 
whether  any  buried  vents  lie  below  the  plain  of  Strathmore,  but  certainly 
no  unquestionable  trace  of  vents  has  yet  been  found  among  the  crystalline 
rocks  along  the  borders  of  the  Highlands." 

^  rnhvontoffraphical  Sodcti/j  vols.  xxi.  (1867)  and  xxiii.  (1869). 

^  Allusion  has  already  been  made  to  the  iK>ssible  connection  of  the  younger  Highland  granites 
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Reference  has  already  been  made  to  the  comparative  scarcity  of  sills  in 
this  region,  and  to  the  occurrence  of  the  acid  group  of  Lintrathen  porphyry 
and  the  more  basic  sheets  between  the  Firth  of  Tay  and  Forfar.  This 
scarcity  no  doubt  arises  in  part  from  the  extent  to  which  the  rocks  that 
underlie  the  volcanic  series  are  concealed.  Yet  it  is  noteworthy  that  alonjr 
the  coast-section  of  these  rocks  near  Stonehaven  hardly  any  intrusive  sheets 
are  to  l>e  seen. 

3.    Tiic  Arrnn  and  Cantyre  Centre 

It  is  unfortunate  that  the  Ochil  chain  should  be  broken  across  and 
buried  under  younger  formations  at  the  very  place  where  some  of  the  most 
interesting  vents  in  the  whole  area  of  the  Old  Eed  Sandstone  might  have 
been  looked  for.^  We  have  to  pass  westwards  across  the  Firth  of  Clyde  to 
the  Isle  of  Arran  before  we  again  meet  with  rocks  of  the  same  age  and 
character. 

In  the  course  of  the  recent  work  of  the  Geological  Survey  in  that 
island,  Mr.  W.  Gunn  has  discovered  that  the  Lower  Old  IJed  Sandstone 
includes  some  interstratified  volcanic  rocks  on  the  north  side  of  North  Glen 
Sannox,  and  he  has  supplied  me  with  the  following  notes  regarding  them. 
"  The  area  in  which  the  volcanic  intercalations  occur  is  much  faulted  and 
only  a  part  of  it  has  been  mapped  in  detail,  but  the  position  of  the  inter- 
bedded  igneous  rocks  is  quite  clear.  The  Old  IJed  Sandstone  here  consists 
of  three  distinct  members,  the  lowest  of  which  is  made  up  of  coai-se,  well- 
rounded  conglomerates,  alternating  with  sandstones  and  purple  mudstones. 
Above  this,  and  apparently  unconformable  to  it,  is  a  middle  series  of  light 
coloured  conglomerates  and  sandstones,  the  pebbles  in  which  are  mainly  of 
(juartz.  Finally  comes  an  upper  series  of  red  sandstones  and  conglomerates, 
which  occupy  nearly  the  whole  of  the  coast  section,  and  it  is  this  series  which 
has  generally  been  taken  as  the  typical  Old  l^ed  Sandstone  of  the  island. 
The  volcanic  series  is  intercalated  between  the  middle  and  upper  divisions 
given  above,  and  may  be  seen  in  several  places  on  the  hillside  between  the 
shepherd's  house  at  North  Sannox  and  Laggan.  It  consists  mainly  of  old 
lava-beds  of  a  dull  reddish  or  purplish  colour,  often  soft,  and  in  places  much 
decomposed.  It  seems  basic  in  character.  A  specimen  from  near  the 
Fallen  Kocks,  examined  by  ^Ir.  Teall,  was  found  to  be  too  much  altered  for 
precise  determination,  but  was  probably  a  basalt  originally.  These  rocks  do 
not  occur  on  the  coast." 

In  the  southern  extremity  of  (.'antyre  some  important  relics  of  the 
volcanic  rocks  of  the  Lower  Old  Eed  Sandstone  have  been  recently 
detected   and   mapped   for   the   Geological   Survey    by    ^Ir.    \\.  G.   Synies."' 

witli  the  volcanic  series  of  the  north-eastern  i»art  of  Lake  Cale<lonia  ;  also  to  the  occurrence  of 
isolated  masses  of  hreccia  piercing  the  crystalline  schists  near  Loch  Lomond  [nntc,  p.  272). 

^  The  Ochil  area  is  not  the  only  example  of  the  ahrupt  termination  of  a  volcanic  Ijand  near 
its  centre  owing  to  faults  or  overlai)s.  The  sudden  disaj>pearance  of  the  Pentland  lavas  and  tuHs 
on  the  northern  side  of  the  Brai«l  Hills  is  another  striking  illustration. 

'  The  late  Prof.  James  Xicol  puhlished  in  18,52  an  account  of  the  geology  of  the  southern 
portion  of  Cantyre.     He  grouj^d  all  the  igneous  rocks  of  the  district  as  one  series,  which  he 
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This  division  of  the  system  has  been  ascertained  by  him  to  be  extensively 
developed  to  the  south  of  Campbeltown,  and  to  include  some  small  but 
interesting  remains  of  the  volcanic  action  which  was  so  marked  a  feature  in 
the  areas  of  I^ake  Caledonia,  lying  further  to  the  east.  To  the  student  of 
volcanic  geology,  indeed,  this  small  tract  at  the  extreme  southern  end  of 
Argyllshire  has  a  peculiar  interest,  for  in  no  other  part  of  the  British  Isles 
have  the  phenomena  of  the  eruptive  vents  of  the  Lower  Old  Red  Sandstone 
been  more  admirably  laid  bare.  Not  only  are  there  necks  in  the  interior 
like   that  represented  in  Fig.  82  ;  but  others  have  been  dissected  by  the 


Fio.  82.— View  of  C'jioc  Garlih,  Southeiul,  C»mp1)eltown.     A  toIcbqIo  neck  of  Lower  Old  Red  Sudstooe 
n(^,  about  400  yirds  wide  iu  its  longer  diameter, 

waves  aloTig  the  southern  shore,  and  their  relations  to  the  deposits  of 
fragmentary  material  showei-ed  over  the  bottom  of  the  lake  have  been 
more  or  less  clearly  exposed. 

At  Keil  Point,  a  little  to  the  east  of  the  most  soiitherly  headland  of 
the  SIull  of  Cantyi-e,  some  reddish  and  purplish  highly  felspathic  sandstones 
(a  in  Fig.  83)  dipping  towards  the  east  are  found  to  pass  upwai-d  into 
coarse  volcanic  breccias  (6),  which,  followed  eastwards,  lose  almost  all  trace 
of  stratification,  and  are  then  abruptly  succeeded  by  a  neck  of  coarse 
agglomerate  (c)  measuring  25  yards  from  north  to  south,  where  its  limits 
can  be  seen,  and  at  least  12  yards  fi-om  west  to  east.  It  is  hardly  possible 
to  distinguish  between  the  breccias  to  the  west  and  the  agglomerate  of  the 
regardeil  as  later  than  tlip  Coal-fonnation  and  possibly  of  the  Baoie  age  w  those  of  the  iiortli.ca£t 
of  Ireland.  He  niadp  no  distinction  between  the  Lower  Old  Red  SanHatone  aud  the  yoongrr 
vtnconformable  coiijjliimerateB  {Quart.  Joiirn.  Otol.  Soc.  vol,  vuL  (1852),  p.  404), 
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neck,  except  by  the  rude  bedding  of  the  former  which  pass  down  into  the' 
w^ell-bedded  sandstones. 

The  agglomerate  is  a  thoroughly  volcanic  rock.  The  materials  consist 
chiefly  of  angular  blocks  of  a  pale  purplish  or  lilac  highly  porphyritic  mica- 
porphyrite,  with  large  white  felspars  and  hexagonal  tables  of  black  mica. 
These  blocks  might  sometimes  be  mistaken  for  slags  from  their  cavernous, 
weathered  surfaces,  but  this  rough  aspect  is  found  on  examination  to  be 
due  to  the  decay  of  their  felspars. 


Fig.  83. — Section  of  volcanic  series  on  beach,  Southend,  Campbeltown. 

n.  Fine  reddish  and  purplish  highly  felspathic  gandstones,  largely  composed  of  porphyry -debris  and  passing  up  into 
coarse  breccias;  6,  volcanic  breccias,  coarse  and  only  rudely  stratified,  formed  of  blocks  of  jwrphyry,  sand- 
stone fine  tuflT  and  andesite,  together  with  water-worn  quartzite  }>ebbles  derived  from  some  conglomerate  ; 
c,  coarse  unstratified  agglomerate  forming  a  neck. 

Perhaps  the  most  singular  feature  among  the  contents  of  this  neck  is 
the  number  of  well-rounded  and  smoothed  pebbles  and  boulders  of  quartzite. 
These  are  dispersed  at  random  through  the  mass,  and  are  often  placed 
on  end.  There  can  be  no  doubt  that  they  are  water-worn  stones,  but  the 
contrast  of  their  smooth  surfaces  and  rounded  forms  with  the  rough  angular 
blocks  of  igneous  material  is  so  striking  as  to  lead  at  once  to  the  conclusion 
that  they  Ciinnot  have  acquired  their  water-worn  character  in  the  deposit 
where  they  now  lie.  Their  positions  and  their  occurrence  with  ejected 
volcanic  blocks  suggest  that  they  too  were  discharged  by  \'olcanic  explo- 
sions. They  so  exactly  resemble  the  quartzite  boulders  and  pebbles  in 
the  neighbouring  Old  Red  Conglomerates  that  there  can  be  little  hesitation 
in  regarding  them  as  derived  from  these  conglomerates.  They  seem  to  me 
to  have  come  from  a  lower  part  of  the  Old  Red  Sandstone,  which  was 
shattered  by  volcanic  energy  either  before  the  conglomerates  were  firmly 
consolidated  or  afterwards  by  such  violent  explosions  as  served  to  separate 
the  pebbles  from  the  matrix  of  the  rock. 

There  occur  also  in  the  agglomerate  blocks  of  fine  tuff  and  ashy  sandstone 
sometimes  four  feet  long,  and  often  stuck  on  end,  showing  that  the  deposits 
of  earlier  eruptions  were  broken  up  during  the  drilling  of  this  little  vent. 

A  few  hundred  yards  further  east  a  larger  neck  rises  on  the  l>each, 
immediately  to  the  south  of  the  old  Celtic  chapel  of  St.  Columba.  It  con- 
sists also  of  exceedingly  coarse  agglomerate,  wuth  andesite  blocks  three  and 
four  yards  in  diameter.  It  is  about  125  yards  broad  from  east  to  west, 
on  which  sides  it  is  seen  to  be  flanked  by  coarse  volcanic  breccias  and 
conglomerates,  resembling  in  composition  the  materials  of  the  neck,  but 
showing  an  increasingly  definite  stratification  as  they  are  traced  eastward 
in  the  ascending  succession  of  deposits.  Following  the  section  in  still 
the  same  easterly  direction  along  the  coast,  we  find  that  bands  of  fine 
felspathic  sandstone,  marking  probably  intervals  of  quiescence,  are  again 
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and  again  succeeded  by  coarse  brecciated  conglomerates  of  igneous  materials, 
whicli  may  be  infeiTed  to  have  been  due  to  a  renewal  of  violent  eruptions. 
By  degrees  the  evidence  of  stratification  and  of  attrition  among  the 
volcanic  materials  becomes  more  pronounced  as  the  ascending  section  is 
followed  ;  blocks  of  andesite,  even  1 8  inches  or  two  feet  in  diameter,  assume 
well-rolled,  rounded,  water-worn  forms,  like  the  pebbles  of  quartzite  associ- 
ated with  them,  and  eventually  the  strata  return  to  the  usual  aspect  of  the 
conglomerates  of  the  district. 

I  have  never  seen  anywhere  better  proofs  of  volcanic  explosions, 
contemporaneous  with  a  group  of  strata,  and  of  the  distribution  of  volcanic 
fragmentary  material  round  the  vents.  A  further  jx)int  of  much  interest  h^ 
the  additional  evidence  furnished  by  this  shore-section  of  considemble  wave- 
action  during  the  accumulation  of  the  coarse  conglomerates.  To  give  to 
blocks  of  porphyrit^  two  feet  in  diameter  a  smoothed  and  rounded  form 
must  have  required  the  action  of  water  in  considerable  agitation. 

4.   The  Ulster  Centres 

From  the  volcanic  breccias  and  con<i:lomerates  of  the  Mull  of  Cantvre  to 
the  coast  of  Antrim  in  a  straight  line  is  a  distance  of  little  more  than 
twenty  miles.  On  a  clear  day  the  Old  Eed  Sandstone  of  Cross  Slieve,  and 
the  range  of  cliffs  in  which  it  abruptly  descends  to  the  sea  between  Cushen- 
dall  and  Cushendun,  can  be  distinctly  seen  from  the  Argyllshire  shore.  The 
geologist  who  passes  from  the  Scottish  to  the  Irish  sections  cannot  fail  to 
be  impressed  with  the  resemblance  of  the  rocks  in  the  two  countries,  and 
with  the  persistence  of  the  types  of  conglomerate  in  Lake  Caledonia, 

A  picturesque  section  has  been  laid  bare  between  the  Coastguard 
Station  south  of  Cushendall  and  Cushendun  Bay.^  At  the  south  side  of  the 
little  inlet  of  Cushendall,  a  compact  dull  quartz-porphyry  is  exposed  in  crags 
along  the  shore.  This  rock  ranges  in  colour  from  dark  brown  and  purple  to 
l>ale-greon  and  buff.  Its  texture  also  varies,  as  well  as  the  proportion  of  its 
felspar-crystals  and  ([uartz-blebs.  Some  parts  have  a  cavernous  structure, 
like  that  of  an  amygdaloid,  the  small  globular  cavities  being  filled  with 
green  decomposition  products. 

The  stratigraphical  relations  of  this  rock  are  not  quite  clear,  but  it  is 
certainly  older  than  the  Old  Bed  conglomerates  which  lie  to  the  north  of  it, 
for  these  are  largely  made  up  of  its  fragments.  The  matrix  of  these  detrital 
masses  consists  mainly  of  the  comminuted  debris  of  the  i)orphyiT.  The 
pebbles  include  all  the  varieties  of  that  rock,  and  are  tolerably  well- 
rounded.  There  is  no  distinct  evidence  of  volcanic  action  among  these 
conglomerates.  They  resemble,  however,  many  of  the  conglomerates  in  the 
Midland  Valley  of  Scotland,  which,  as  in  the  case  of  those  on  the  Forfar- 
shire and  Kincardineshire  coast,  are  in   great   part  made  of  the  detritus 

^  For  descriptions  of  this  distriot  see  J.  Bryce,  Proc.  GcoL  Soc,  i.  (1834)  p.  396,  v.  (1837)  p. 
09  ;  J.  KeUy,  Prm-.  Rotj.  Irish  Acad.  x.  (1868),  p.  239.  The  area  is  contained  in  Sheet  14  of  the 
Geological  Survey  of  Iri4aiid,  and  was  niapjuid  by  Mr.  A.  M'Henry  and  described  by  him  in  the 
accompanying  Explanatory  Memoir  (1886),  pj>.  12,  25. 
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of  andesitic  lavas.  The  Cusheudall  rocks  become  coarser  as  they  are  traced 
northwards  into  lower  members  of  the  series,  while  at  the  same  time  the 
proportion  of  porphyry-debris  in  their  constitution  duninishes,  and  materials 
from  the  metamorphic  series  take  its  place.  Thus  at  Cushendun  the  per- 
centage of  quartz-pebbles  rises  to  70  or  80.  These  blocks,  of  all  sizes  up 
to  two  feet  or  more  in  diameter,  are  admirably  rounded  and  smoothed,  like 
those  in  the  Stonehaven  section  and  those  among  the  conglomerates  at  the 
south  end  of  Cantyre.  Fragments  of  the  porphyry,  however,  still  continue  to 
appear,  and  the  matrix  shows  an  admixture  of  the  finer  detritus  of  that  rock. 
I  may  remark  in  passing  that  no  conglomerates  of  the  Old  lied  Sandstone 
show  more  strikingly  than  these  at  Cushendun  the  effects  of  mechanical  crush- 
ing subsequent  to  deposition  and  consolidation.  In  many  parts  of  the  rock  it 
is  hardly  possible  to  find  a  rounded  block  that  has  not  Ijeen  fractured.  Some 
of  them,  indeed,  may  be  seen  cut  into  half  a  dozen  slices,  which  have  been 
pushed  over  each  other  under  the  strain  of  strong  lateral  or  vertical  pressure. 

In  the  interior  of  the  country,  after  passing  over  the  broad  Tertiary 
basaltic  plateau  of  Antrim,  we  come  upon  a  large  area  of  Lower  Old  lied 
Sandstone  in  Tyrone.  It  stretches  from  Pomeroy  to  Loch  Erne,  a  distance 
of  about  30  miles,  and  is  about  12  miles  broad.  In  lithological  character 
the  strata  of  this  tract  exactly  resemble  parts  of  the  deposits  of  Lake 
Caledonia  in  Central  Scotland.  Thev  include  also  a  volcanic  series  which, 
down  to  the  smallest  points  of  detail,  may  be  paralleled  in  the  sister  island.^ 
This  interesting  westward  prolongation  of  the  volcanic  record  consists  of 
a  number  of  outlying  patches  confined  to  the  eastern  part  of  the  district. 

The  largest  of  these  patches  lies  to  the  south  of  Pomeroy,  where  it  forms 
a  line  of  hills  about  four  miles  long,  and  covers  an  area  of  some  five  square 
miles.  The  rocks  consist  of  successive  sheets  of  andesite-lavas.  These,  as 
a  rule,  are  not  markedly  cellular,  though  they  include  some  characteristic 
amygdaloids.  A  distingushing  feature  of  some  of  the  sheets  is  their  remark- 
ably well-developed  fiow-structure.  Thus  on  vSentry  Box,  at  the  north-western 
end  of  the  ridge,  the  fissility  resulting  from  this  structure  so  perfectly  divides 
the  rock  into  parallel  fiags  that  tlie  material  might  easily  be  mistaken  for  a 
bedded  rock.  Where  this  structure  has  been  produced  in  a  cellular  lava, 
the  cavities  have  been  drawn  out  and  flattened  in  the  direction  of  flow. 

I  have  not  observed  true  tuffs  in  any  of  the  sections  traversed  by  me 
in  this  district.  But  the  conglomerates  furnish  abundant  evidence  of  the 
contemporaneous  outpouring  of  the  lavas.  Thus,  in  a  brook  a  little  west  of 
lleclain,  five  miles  south  of  Pomeroy,  the  section  shown  in  Fig.  S4  may  be 
seen.  At  the  base  lies  a  coarse  conglomerate  {ci)  largely  composed  of 
andesite-debris,  the  stones  being  here,  as  elsewhere  in  the  district,  well 
rounded.  Then  comes  a  series  of  green  and  reddish  highly-fels})athic  sand- 
stones (6),  followed  by  an  exceedingly  coarse  conglomerate  (c),  formed  mainly 
of  the  debris  of  andesites,  especially  lumps  of  slag.      Some   of  the  stones 

^  This  area  of  Old  Red  Sandstone  is  represented  on  Sheets  33,  34,  45  and  46  of  the  Geological 
Survey  of  Ireland,  and  the  igneous  rocks  are  described  in  the  Memoii*s  on  Sheets  33  (188«5,  p.  17) 
by  Mr.  J.  R.  Kilroe,  and  34  (1878,  p.  16)  by  Mr.  J.  Nolan. 
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measure  18  inchea  in  diameter,  and  all  are  well  water-worn.     Immediately 
over  this  mass  of  detritus  lies  the  lowest  sheet  of  andesite-lava  (d). 


FiQ,  84. — Sei^tioii  or  tlie  biw;  of  thr  volcanic  series.  Rttclnin,  five  niilen  lonth  oT  Poniero}'. 

Some  sections  visible  in  the  neighbourhood  of  Omagh  afford  further 
evidence  of  volcanic  action  at  the  time  of  the  deposition  of  the  Old  Eed 
Sandstone  of  this  region.  At  Farm  Hill,  a  little  to  the  east  of  the  town, 
felspathic  sandstones  and  breccias  enclose  angular  and  subangular  pieces  of 
various  andesites,  and  occasionally  even  pieces  of  tufC  Near  these  strata  a 
decayed  andesite  occurs  in  the  bed  of  a  stream,  and  a  fresher  variety  is 
quarried  at  Farm  Hill.  A  little  further  south  another  variety  of  andeeite 
is  exposed  in  two  quarries  at  Eecarson  lleeting- House — a  fine  granular 
purplish-grey  rock,  with  abundantly -diffused  hfematite 
psendomorphs,  probably  after  a  pyroxene,  and  sometimes 
strongly  amygdaloidal. 

There  can  thus  be  no  doubt  that  this  region  of  Ulster 
incUide<i  several  centres  of  volcanic  activity  during  the 
deposition  of  the  red  sandstones  and  conglomerates,  and 
tliat  the  lavas  and  vulcanic  conglomerates  belonged  to 
precisely  the  same  types  a.s  tliose  of  the  same  geological 
age  wliich  occur  so  abundantly  in  Scotland. 

Further  south-west,  near  Boyle,  in  the  county  of 
Ilosconimon,  certain  curious  felspathic  breccias  in  the  Old 
Ked  handstoue  have  been  mapped  as  "  felstone."  ^  So  far 
as  I  hu\e  been  able  to  examine  them,  however,  they  arc 
entirely  of  fragmental  origin.  They  contain  pieces  of 
andesitic  and  felsitic  rocks,  with  fn^ments  of  devitrified 
glass  which  undoubtedly  point  to  the  occurrence  of 
\ol(.anic  eruptions  during  their  deposition,  though  no 
tuffs  and  lavas  appear  to  cidp  out  in  the  narrow  strip  of 
,  the  formation  there  exposed. 

The  aceoniptmying  section  (Fig.  85)  may  be  seen  on 
;  the  Iiills  to  the  north-east  of  Boyle,  Where  quarried 
\  on  the  roadside  to  the  north  of  Boyle,  the  series 
of  deposits  here  represented  contains  a  bed  of  coarse 
and  exceedingly  compact  breccia,  similar  to  that  just 
referi'e<l  to,  but  containing  angular  and  subangular  fragments  six  or  eight 
inches  long.  The  joints  of  these  compact  strata  are  remarkably  sharp  and 
clean  cut,  so  that  where  the  fragmentary  character  is  not  very  distinct 
the  rocks  might  easily  be  mistaken  on  casual  inspection  for  felsites. 

'  See  Slifpt  G6  Geological  Survey  of  trvland.  unil  ExpUnstiou  to  tliat  sheet  (1S7S),  p.  15.  Tlie 
rocks  wrre  previously  deHcribci)  by  Jukes  niiil  Foot,  Jeani.  Soy.  (ieol.  Soe.  Ireland,  toL  L  (186S), 
|).  249. 
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CHAPTER  XX 

VOLCANOES    OF   THE    LOWER    OLD    RED    SANDSTONE    OF    "  LAKE 

CALEDONIA  " — continued 

The  Southern  Chain — The  Pentland  Volcano — The  Biggar  Centre — The  Dimeaton 

Centre — The  Ayrshire  Volcanoes. 

We  have  now  to  note  the  leading  features  of  the  groups  of  volcanic  rocks 
distributed  along  the  southern  line  of  vents  already  described.  At  least 
four  difiTerent  centres  of  eruption  may  be  observed  on  that  line.  Their 
mutual  limits  are,  on  the  whole,  better  seen  than  those  of  the  northern  line, 
for  from  the  north-eastern  to  the  south-western  end  of  the  volcanic  belt  the 
Old  Bfed  Sandstone  and  rocks  of  older  date  are  almost  continuously  exposed 
at  the  surface.  The  encroaching  areas  of  Carboniferous  formations  in 
Lanarkshire  and  Ayrshire  interrupt  but  do  not  entirely  conceal  the  volcanic 
tracts. 

II.    THE    SOUTHERN    CHAIN    OF    VOLCANOES    IN   "  IJ^KE    CALEDONIA  " 

5.   The  Pentland  Volcano 

Beginning  at  the  north-east  end  of  the  line  we  first  come  upon  the 
classic  area  of  the  Pentland  Hills,  for  the  study  of  which  the  geologist  is 
prepared  by  the  admirable  description  of  Charles  Maclaren,^  and  the  earlier 
geognostical  papers  of  Jameson.'-  The  area  mapped  in  detail  is  represented 
in  Sheet  32  of  the  Geological  Sur^'ey  of  Scotbnd,  published  in  1859,  and 
described  in  the  Memoir  accompanying  that  sheet. 

When  in  these  early  days  1  surveyed  this  ground  I  found  it  extremely 
difficult  to  understand.  Being  then  myself  but  a  l)egiimer  in  geology,  and 
the  study  of  old  volcanic  rocks  not  having  yet  advanced  much  l>eyond  its 
elementary  stage,  1  failed  to  disentangle  the  puzzle.  Not  until  after  more 
than  twenty  years,  largely  spent  in  the  investigation  of  volcanic  rocks  else- 
where, had  I  an  opportunity  of  resurveying  the  ground  and  bringing  to  its 

*  A  Sketch  of  the  Geology  of  Fife  and  the  LolhUtns,  1839.  Tlie  detailed  dewriptions  in  this 
work  are  accompanied  with  a  map  and  two  plates  of  sections.  In  the  map  all  tlie  volcanic  rocks 
are  represented  by  one  colour.  In  the  sections  the  bedding  of  the  rocks  is  shown,  and  an 
indication  is  given  of  the  succession  of  tlu'ir  chief  varieties. 

*  See  Sfiecially  Mem.  Wenierian  Sac.  vol.  ii.  :  also  MucKnight  in  vol.  i.  The  account  of  the 
Pentland  Hills  by  Hay  Cunningham  in  vol.  vii.  (1838)  is  clear  but  brief. 
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renewed  study  a  wider  knowledge  of  the  subject.  A  new  edition  of  the 
map  was  issued  in  1892,  and  I  shall  here  einlx)dy  in  my  summary  the 
chief  results  obtained  in  the  course  of  this  revision. 

The  most  obvious  features  in  the  Pentland  area  are  the  marked  develop- 
ment of  the  volcanic  rocks  at  the  north  end  of  the  chain,  their  rapid 
diminution  and  disappearance  towards  the  south-west,  the  abrupt  truncation 
of  the  bedded  masses  by  the  line  of  craggy  declivity  which  forms  the 
northern  termination  of  the  hills,  and  lastly,  the  continuation  of  the  volcanic 
series  northward  in  a  totally  different  form  in  the  lower  eminences  of  the 
Braid  Hills. 

The  length  of  the  whole  volcanic  tract  is  about  eleven  miles  ;  its  breadth 
at  the  widest  northern  part  is  four  miles,  but  from  that  maximum  it  dwindles 
southwards  and  dies  out  in  seven  miles.  Its  western  side  is  in  large  measure 
Hanked  by  the  unconformable  overlap  of  the  Upper  Old  Eed  Sandstone  and 
Lower  Carboniferous  formations,  though  in  some  places  the  base  of  the 
volcanic  series  is  seen.  The  eastern  boundary  is  chiefly  formed  by  a  large 
fault  which  brings  down  the  Carboniferous  rocks  against  the  volcanic  ridge. 
At  the  northern  end,  this  ridge  plunges  unconformably  under  the  Upper  Old 
Eed  Sandstone  of  the  southern  outskirts  of  Edinburgh. 

The  bedded  aspect  of  the  truncated  end  of  the  Pentland  chain,  as  seen 
from  the  north,  has  been  already  alluded  to  (p.  281).  Tlie  rocks  dip  to  the 
south-east,  hence  the  lower  members  of  tlie  series  are  to  be  found  along  the 
north-west  side  of  the  hills. 

It  will  be  noticed  from  the  Geological  Survey  map  that  the  volcanic 
rocks  of  the  main  body  of  the  Pentland  Hills  are  arranged  in  alternations  of 
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Fk;.  8(5. — Section  across  the  uorth  end  of  the  Pentland  Hills,  from  Warklaw  Hill  to  Peutland  Mains. 

Length  ahout  live  miles. 

1.  Upper  Siluriau  >;rits  niid  slmles,  nut  seen  \v1i<^re  the  hne  uf  Kection  cro»8es;  2  2.  Andesites  and  diabases  in 
numerous  interstratitieil  shcetJi ;  "If.  [ntercalated  HandHtones  and  conglomerates;  8.  Feltiitic  tiiflit  and 
brKicias  and  orthophyre  sheets  ;  h,  Vok'unic  neck  ;  4.  Ij<iwer  Carboniferous  strata  lying  unconformably  on  and 
overlapping  tlie  volcanic  series;  5.  ('alciferous  Sandstones  and  Carboniferous  Limestone  aerie:}  broagnt  down 
against  tlie  volcanic  series  by  a  fault  (/). 

somewhat  basic  and  more  acid  bands.  The  most  basic  sheets  are  some 
amygdaloidal  diabases  at  the  bottom  of  tlie  whole  series  which  make  their 
appearance  in  Warklaw  Hill  (Fig.  8C).  The  greater  number  of  the  dark 
lavas  are  varieties  of  andesite,  sometimes  tolerably  compact,  sometimes 
highly  cellular  and  amygdaloidal.  But  interstratified  with  these  are  thick 
sheets  of  what  used  to  be  called  "  claystone,"  a  term  which  here  comprised 
decayed  felsites  (orthophyres),  and  also  felsitic  tuffs  and  breccias.  The  re- 
markably acid  nature  of  some  of  these  rocks  has  been  already  pointed  out 

The  total  thickness  of  the  volcanic  series  at  the  north  end  of  the  hills  is 
about  7000  feet,  but  as  neither  the  top  nor  the  bottom  is  there  visible,  it 


CHAP.  XX  ERUPTIONS  OF  THE  PENTLAND  HILLS  319 

may  be  considerably  greater.  At  these  maximum  dimensions  the  rocks  form 
the  high  scarped  front  of  the  Pentland  Hills,  which  rises  into  so  prominent 
a  feature  in  the  southern  landscape  of  Edinburgh.  A  series  of  transverse 
sections  across  the  chain  from  north  to  south  will  illustrate  its  structure 
and  history.  These  I  shall  here  describe,  reserving  for  .sub8e<jueiit  con- 
sideration the  great  vent  of  the  Braid  Hills. 

A  section  tJiken  through  the  north  end  of  the  chain,  where  the  maxi- 
mum depth  of  volcanic  material  is  exposed,  presents  the  arrangement 
represented  in  Fig.  86.  It  will  be  seen  that  the  base  of  the  series  is  here 
concealed  by  the  unconformable  overlap  of  the  Lower  Carboniferous  rocks 
on  the  west  side,  while  the  top  is  cut  off  by  tiie  great  fault  which  on  tlie 
east  side  brings  down  the  Midlothian  Coalfield. 

The  Lower  Carboniferous  conglomerates  (4)  creep  over  the  edge  and  up  the 
slopes  of  the  volcanic  series  of  the  Pentland  Hills.     They  contain  abundant 


pebbles  of  the  lavas,  and  were  evidently  laid  down  along  a  shore  from  which 
the  Pentland  rocks  rose  steeply  into  land  fhoii^h  the  actual  Iiase  of  the 
lavas  IS  not  "ieen  here  two  miles  fnrtbei  to  tla  bouth  highly-inclined 
Upper  Silurian  shales  and  mudstones  are  found  emei^ing  unconformably 
from  under  the  \olcanic  pile  and  sinnlar  strata  ptobably  underlie  Warklaw 
Hill  as  indicated  m  the  h^ure  llie  I  npi-i  Sihiiian  straUi  pass  up  into  a 
lower  group  of  the  Lower  Old  Red  Sandstone  which  his  also  been  covered 
unconformably  Ij  the  ^(kanlc  series  In  tbtse  nndeilying  deposits  we 
have  evidence  of  the  pre  volcanic  aetuniulations  ol  the  lake,  which  were 
brcken  up  and  tilted  at  the  beginning  of  the  volcanic  eruptions. 

The  lowest  lavas  consisting  of  well  marked  beds  of  diabase  (2),  present 
their  escarpments  to  the  n^rth  wtst  ind  dip  into  the  rising  gi-ound,  as 
sketched  in  Fig.  87.  Their  characters  have  been  already  noticed  in  the 
general  petrography  of  the  Old  Red  Sandstone  volcanic  rocks.  Dark  soli<I 
compact  portions  of  them  pass  rapidly  into  coarsely  cellular  slag,  especially 
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along  the  upper  and  under  parts  of  the  several  sheets.  No  tuflf  has  been 
noticed  between  these  basic  flows,  but  here  and  there  thin  lenticular  layers 
of  sandstone,  lying  in  hollows  of  the  lava-sheets,  are  connected  with  vertical 
or  highly-inclined  ramifying  veins  of  similar  material,  with  the  plains  of 
stratification  passing  across  the  breadth  of  the  veins.  These  features  are  an 
exact  reproduction  of  those  above  described  in  Forfarshire  and  Kincardine- 
shire.    The  amygdales  consist  of  chalcedony,  cr}'stallized  quartz  and  calcite. 

Tordufif  Hill,  which  rises  to  the  east  of  Warklaw,  consists  of  a  mass  of 
coarse  volcanic  breccia  or  agglomerate  (w),  markedly  felsitic  in  its  materials. 
It  probably  forms  a  neck  marking  a  small  volcanic  vent,  like  some  others 
at  the  north  end  of  the  chain  to  be  afterwards  referred  to. 

In  the  lower  part  of  Capelaw  Hill,  the  next  eminence  in  an  easterly 
direction,  bedded  andesites,  with  an  intercalated  band  of  sandstone  and 
conglomerate  (2s),  appear  and  pass  under  rocks  of  so  decomposing  a  kind 
that  no  good  sections  of  them  are  to  be  found.  The  hill  is  covered  with 
grass,  but  among  the  rubbish  of  the  screes  pieces  of  felsite-like  rocks  and 
breccias  may  be  observ^ed.  Some  of  these  blocks  show  an  alternation  of 
layers  of  felsitic  breccia  with  a  fine  felsite-like  material  which  may  be  a 
tuff.  These  rocks,  conspicuous  by  the  light  colours  of  their  screes,  alternate 
further  up  with  other  dark  andesitic  lavas,  and  run  south-westward  for 
about  five  miles. 

Beyond  Capelaw  Hill,  upon  a  band  of  these  pale  rocks,  comes  a  thick 
group  of  sheets  of  dark  andesite,  which  form  the  main  mass  of  AUermuir 
Hill.  They  are  well  seen  from  the  south  side  and  likewise  from  the  north, 
dipping  towards  the  south-east  at  angles  of  from  35°  to  40°,  and  weathering 
along  the  crest  of  the  hills  into  a  succession  of  scars  and  slopes  which  show 
the  bedded  character  of  the  lavas. 

At  Caerketton  Hill  another  band  of  pale  material  forms  the  conspicuous 
craggy  face  so  familiar  in  the  aspect  of  the  Pentland  Hills  as  seen  from 
Edinburgh.  This  band  consists  of  pale  felsitic  breccia,  and  amorphous, 
compact,  much  -  decayed  rock,  regarding  which  it  is  difficult  to  decide 
whether  it  should  be  considered  as  a  fine  felsitic  tuff,  or  as  a  decomposed 
felsite.  The  band  is  better  seen  when  traced  southwards.  The  light  colour 
of  its  screes  makes  it  easily  followed  by  the  eye  even  from  a  distance  along 
the  hill- tops  and  declivities. 

On  the  next  hill  to  the  south-west,  known  as  Castlelaw  Hill,  this  pale 
band  of  rock  is  exposed  in  a  few  crags  and  quarries,  and  its  debris,  pro- 
truding through  the  scanty  herbage,  slips  down  the  slopes.  On  its  north 
side  the  screes  display  the  same  felsitic  breccias  and  compact,  decayed  felsitic 
rocks,  occasionally  showing  a  structure  like  the  flow-structure  of  rhyolite. 
The  breccia  which  projects  in  blocks  from  the  summit  of  the  hill  has  been 
quarried  immediately  below  the  crest  on  the  south  side,  where  it  overhes 
a  thin  intercalated  band  of  a  dull,  much -decomposed  porphyry. 

The  breccias  are  composed  almost  entirely  of  thoroughly  acid  rock- 
fragments,  as  may  be  judged  from  the  percentage  of  silica  shown  to  occur 
in  them.     These  fragments  vary  from  the  finest  lapilli  up  to  angular  pieces 
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several  inches  long.  They  not  infrequently  display  a  fine  and  extremely 
beautiful  flow-structure.  It  is  thus  quite  certain  that  there  are  acid 
breccias  intercalated  among  the  more  basic  lavas  of  the  northern  Pcntlands, 
and  that  among  the  constituents  of  these  breccias  are  fragments  of  felsite 
or  perhaps  even  lithoid  rhyolite. 

We  may  therefore  be  prepared  to  find  that  actual  outflows  of  felsitie 
lava  accompanied  the  discharge  of  these  highly-siliceous  tuffs.  Unfortun- 
ately tlie  manner  in  which  the  rocks  decay  and  conceal  themselves  under 
their  own  debris  makes  it  difficult  to  separate  the  undoubtedly  fragmental 
bands  from  those  which  may  be  true  lavas.  But  an  occasional  opening, 
and  here  and  there  a  scattered  loose  block,  serve  to  indicate  that  the  two 
groups  of  rock  certainly  do  coexist  in  this  pale  band,  which  can  be  followed 
through  the  chain  for  upwards  of  six  miles  until  it  is  cut  oft'  by  the  eastern 
boundary  fault. 

At  the  south-west  end  of  Castlelaw  Hill,  where  a  quarry  has  been 
opened  above  the  Kirk  Burn,  blocks  of  felsite  may  l)e  observed  showing 
flow-structure  on  a  large  scale.  The  bands  of  varied  devitrification  are  some- 
times a  quarter  of  an  inch  broad,  and  weather  out  in  lighter  and  darker 
tints.  Some  of  them  have  retained  their  felsitie  texture  l)etter  than  others, 
which  have  become  more  thoroughly  kaolinized.  That  these  are  not  decep- 
tive layers  of  different  texture  in  fine  tuffs  is  made  quite  clear  by  some 
characteristic  rhyolitic  structures.  The  bands  are  not  quite  parallel,  but, 
on  the  contrary,  are  developed  lenticularly,  and  may  be  observed  to  be 
occasionally  puckered,  and  to  be  even  bent  back  and  folded  over  as  in 
ordinary  rhyolites.  There  is  no  contortion  to  be  observed  among  the 
stratified  tuffs  of  the  hills.  This  irregularity  in  the  layers  is  obviously 
original,  and  can  only  be  due  to  the  flow  of  a  moving  lava. 

On  the  east  side  of  Castlelaw  Hill,  as  shown  in  Fig.  86,  dull  reddish 
andesites  overlie  the  pale  belt  of  felsitie  rocks.  Their  lower  bands  are 
marked  by  the  presence  of  well-formed  crystals  of  a  dark  gi-een  mica.  Their 
central  and  higher  portions  consist  of  porphyrites  of  the  prevalent  type, 
both  compact  and  vesicular.  Tliese  lavas  continue  as  ftir  as  any  rock  can 
be  seen.  Beyond  the  boundary  fault,  the  Burdiehouse  Limestone  and  oil- 
shales  of  the  Lfjwer  Carboniferous  series  are  met  with,  inclined  at  high 
angles  against  the  hills.  It  is  impossible  to  say  how  much  of  the  volcanic 
series  has  here  been  removed  from  sight  by  the  dislocation. 

If  now  we  move  three  miles  further  to  the  south-west  and  take  a 
second  section  across  the  I*entland  Hills,  it  will  be  found  to  ex})ose  the 
arrangement  of  rocks  represented  in  Fig.  88.  At  the  western  end  the 
Upper  Old  Bed  Sandstones  (4)  and  Tx)wer  Carboniferous  series  (5)  are  seen 
lying  unconformably  on  the  upturned  edges  of  the  Upi)er  Silurian  shales  (1). 
North  Black  Hill  consists  of  a  large  intrusive  sheet  of  pale  felsite  (F)  that 
has  broken  through  the  Silurian  strata  and  has  in  places  tlirust  itself  between 
them  and  the  conglomerates  of  the  Lower  Old  Ked  Sandstone  which  lie 
unconformably  upon  them.  In  the  neighbouring  Logan  Burn,  at  the  bottom 
of  the  Habbie's  Howe  Waterfall,  the  felsite  can  be  seen  injected  into  the  con- 
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glomerate.  The  felsitic  sill  of  North  Black  Hill  runs  for  a  mile  and  a  half 
along  the  western  base  of  the  volcimic  series,  and  has  a  breadth  of  about 
half  a  mile.  It  is  the  only  important  intrusive  mass  in  the  Pentland  Hills. 
To  the  south  of  the  Silurian  shales  that  lie  against  the  southern  flank 
of  North  Black  Hill,  pale  felsitic  tuffs  (3)  occur,  which  are  a  continuation  of 
those  already  refen-ed  to  as  running  southwards  from  Capelaw  HilL  Above 
them  a  series  of  andesites  (2),  with  intercalated  bands  of  tuff,  sandstone 
and  conglomerate  (2  s),  occupy  the  bottom  of  the  Logan  valley  and  part 
of  the  slopes  on  both  sides.      In  the  thickest  band  of  tuffs,  which  is  well- 
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Fig.  88.— Section  across  the  Pentland  Hills  through  North  Black  HiU  and  Scal»l  Law  (length  alwut 

three  miles). 


exposed  along  the  road  by  the  side  of  the  Loganlee  Reservoir,  a  group  of 
well-bedded  strata  occurs  from  less  than  an  inch  to  a  foot  or  more  in  thick- 
ness. Generally  they  are  pale  in  colour,  and  are  made  up  of  white  felsitic 
detritus,  but  with  a  sprinkling  of  dull  purplish-red  fragments,  and  occasional 
larger  rounded  pieces  of  different  andesites.  Some  of  the  rocks  might  be 
called  felspathic  sandstones.  Other  bands  in  the  group  are  dark  purplish- 
red  in  tint,  and  consist  mainly  of  andesitic  debris,  with  a  dusting  of  white 
felsitic  gi-ains  and  fragments.  There  would  tluis  seem  to  have  been  showers 
both  of  felsitic  and  of  andesitic  ashes  and  lapilli. 

The  dark  lavas  that  overlie  the  tuffs  are  likewise  well  displayed  along 
the  same  road-section.  They  vary  rapidly  from  extremely  compact  homo- 
geneous dark  blue  rocks,  that  weather  ^ith  a  greenish  crust,  to  coarse, 
slaggy  masses  and  amygdaloids. 

These  more  basic  lavas  are  a  continuation  of  those  of  Allermuir  Hill, 
and,  as  at  that  locality,  they  plunge  here  also  under  the  same  band  of  white 
tuffs,  breccias    and  felsites  (3),  which  has  been  referred  to   as  stretching 


Green  la¥V 
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Fio.  89.  — Section  from  the  valley  of  the  Gutterfonl  Burn  through  Green  Law  and  Braid  Law  to 

Eight- Mile  Bum. 

southward  from  Caerketton  Crags.  This  band  must  here  be  at  least  500  feet 
thick.  It  forms  Scald  Law  (1898  feet)  and  the  surrounding  summits,  and 
thus  occupies  the  highest  elevations  in  the  Pentland  chain.     It  dips  beneath 
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the  uppermost  group  of  andesites,  which,  as  before,  are  here  truncated  by 
the  eastern  fault  (/),  the  Calciferous  Sandstones  and  Carboniferous  Lime- 
stone series  (6)  being  thrown  against  them. 

A  third  section  (Fig.  89),  taken  two  miles  still  further  south,  shows  a 
remarkable  attenuation  of  the  volcanic  series,  and  the  appearance  of  a  thick 
group  of  conglomerates  (2)  lying  conformably  below  that  series,  but  resting 
on  the  upturned  edges  of  the  upper  Silurian  shales  (1).  The  thick  Aller- 
muir  porphyrites  are  here  reduced  to  a  few  thin  beds  (3)  intercalated  among 
the  conglomerates  and  sandstones,  amidst  which  the  whole  volcanic  series 
dies  out  soutluvard.  A  detailed  section  of  the  rocks  exposed  on  the  western 
front  of  Braid  Law  shows  the  following  succession  : — 

White  felsitic  rocks  of  Braid  Law  (4  in  Fig.  89). 

Coai-se  conglomerate  passing  down  into  sandstone.     About  20  feet  visible. 
Dark  andesite,  4  feet. 

Parting  of  yellow  felspathic  grit,  8  or  10  inches. 
Andesite,  10  feet. 
Hard  felspathic  grit,  6  feet. 
Dark  green  amygdaloidal  andesite,  2  feet. 
Yellow  felspathic  sandstone  and  grit,  2  feet. 
Dark  green  amygdaloidal  andesite,  6  feet. 
Felspathic  grit  and  red  and  brown  sandstone,  4  feet. 
Dark  andesite,  perliaps  6  or  8  feet. 

Great  conglomerate  with  alternating  courses  of  sandstone,  rapidly  increasing  in 
thickness  southwards. 

Above  these  dwindling  representatives  of  the  northern  andesitic  lavas 
comes  the  continuation  of  the  white  band  of  tufts  and  breccias  of  Caer- 
ketton  and  Scald  Law  (4),  which  in  turn  dips  under  the  highest  group  of 
andesites.  The  Carboniferous  strata  (5)  are  brought  in  by  the  fault  (/). 
In  little  more  than  two  miles  beyond  this  line  of  section  the  volcanic 
series  disappears,  and  the  Old  Ked  Sandstone  for  a  Ijrief  space  consists  only 
of  sedimentary  deposits. 

Besides  the  remarkable  alternation  of  basic  and  acid  ejections,  there  is  a 
further  notable  feature  in  the  geology  of  the  Fentland  Hills.  This  volcanic 
centre  presents  us  with  one  of  the  most  remarkable  vents  anywhere  to  be 
seen  among  the  volcanic  rocks  of  Britain.  Tlie  full  significance  of  this 
feature  may  best  be  perceived  if  we  advance  along  the  hills  from  their 
south-western  end.  As  has  now  been  made  clear,  the  volcanic  materials 
which  tegin  about  the  line  of  the  North  Esk  near  Carlops  rapidly  augment 
in  thickness  until,  in  a  distance  of  not  more  than  seven  miles,  they  attain  a 
thickness  of  about  7000  feet,  and  then  form  the  great  scarped  i'ront  of  the 
hills  that  look  over  Edinburgh.  But  at  the  base  of  tliat  wall  their  con- 
tinuity abruptly  ceases.  The  lower  ground,  which  extends  thence  to  the 
southern  suburbs  of  Edinburgh,  and  includes  the  group  of  the  Braid  Hills,  is 
occupied  by  another  and  more  complex  group  of  rocks  in  which  the  paral- 
lelism and  persistence  so  marked  in  the  Bentland  chain  entirely  disappear. 

This  abrupt  truncation  of  tlie  bedded  lavas  and  tuffs  marks  approximately 
the  southern  margin  of  a  large  vent  from  which  at  least  some,  if  not  most, 
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of  these  rocks  were  probably  ejected.  The  size  of  this  vent  cannot  be  pre- 
cisely ascertained  on  account  of  the  unconformable  overspread  of  Lower 
Carboniferous  strata.  But  that  it  must  have  been  a  large  and  important 
volcanic  orifice  may  be  inferred  from  the  fact  that  the  visible  area  of  the 
materials  that  fill  it  up  measures  two  miles  from  north-east  to  south-west, 
and  a  mile  and  a  half  from  south-east  to  north-west,  thus  including  a  space 
of  rather  more  than  two  square  miles.  Its  original  limits  towards  the  north 
and  south  can  be  traced  by  help  of  the  bedded  lavas  that  partially  surround 
it,  but  on  the  two  other  sides  they  are  concealed  by  the  younger  formations. 
We  shall  probably  not  over-estimate  the  original  area  of  the  vent  if  we  state 
it  at  about  four  square  miles. 

The  materials  that  now  fill  this  imporant  orifice  consist  mainly  of  "  clay- 
stones,"  like  those  of  the  Pentland  series — dull  rocks,  meagre  to  the  touch, 
varying  in  texture  from  the  rough  porous  aspect  of  a  sinter  through  stages 
of  increasing  firmness  till  they  become  almost  felsitic,  and  ranging  in  colour 
from  a  dark  purple-red,  through  shades  of  lilac  and  yellow,  to  nearly  white. 


Fio.  90. — Section  across  the  north  end  of  the  Pentland  Hills,  and  the  southern  etige  of  the  Braid  Hill 

vent.     Lieugth  about  two  miles. 

1  1.  AiiUesites  ;  2.  Fine  tuffs,  etc.,  of  the  Braid  Hill  vent ;  3  3  3.  Agglomerate  in  lateral  neckn  with 

felaitic  intrusions  (4). 

but  often  strikingly  mottled.  A  more  or  less  laminar  structure  is  often  to 
be  observed  among  them,  indicating  a  dip  in  various  directions  (but  especially 
towards  the  north)  and  at  considerable  angles.  Throughout  this  exceedingly 
fine-grained  material,  lines  of  small  lapilli  may  occasionally  be  detected,  also 
bands  of  breccia,  consisting  of  broken-up  tuflf  of  the  same  character,  and 
of  fine  "  hornstone "  and  felsite,  with  delicate  flow-structure.  Exhibiting 
on  the  whole  so  little  structure,  this  tract  may  be  regarded  as  consisting 
largely  of  fine  volcanic  dust  derived  from  the  explosion  of  felsitic  or  ortho- 
phyric  lavas.  Some  portions  indeed  are  not  improbably  composed  of 
decayed  felsites,  like  those  wliich  present  so  many  difficulties  to  the  geologist 
who  would  try  to  trace  their  couree  among  the  other  lavas  and  tuffs  of  the 
Pentland  chain.  Various  veins,  dykes  and  small  bosses  of  felsite,  andesite 
and  even  more  basic  material,  such  as  fine  dolerite,  have  been  intruded  into 
the  general  body  of  the  mass. 

On  the  outskirts  of  the  main  vent  some  subordinate  necks  may  be 
observed  (3,  3  in  Fig.  90),  perhaps,  like  Torduff  Hill,  already  noticed  (Fig. 
86),  marking  lateral  eruptions  from  the  flanks  of  the  great  cone.  Three 
of  these  occur  in  a  Une  more  than  half  a  mile  long,  possibly  indicating  a 
fissure  on  the  side  of  the  old  volcano,  running  in  a  south-westerly  direction 
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from  the  southern  edge  of  the  vent.  The  smallest  of  them  measures  about 
500  feet  in  diameter;  the  largest  is  oblong  in  shape,  its  shorter  diameter 
being  about  500  feet,  and  its  longer  about  1000  feet.  The  materials  that 
fill  these  lateral  vents  are  coarse  agglomerates,  traversed  by  veins  and 
irregular  intrusions  of  a  fine  horny  or  flinty  felsite. 

From  the  acid  character  of  most  of  the  rocks  that  now  fill  the  wide  vent 
of  the  Braid  Hills  it  may  be  inferred  that  at  least  the  last  eruptions  from  it 
consisted  chiefly  of  acid  tuffs  and  lavas.  Tlie  upper  portion  of  the  volcanic 
series  being  everywhere  concealed,  there  are  no  means  left  to  verify  this 
inference  from  an  examination  of  the  ejected  material.  It  may  be  remarked, 
however,  that  the  pale  yellow  sandstones  which  lie  on  the  east  side  of  the 
fault  and  are  exposed  in  the  Lyne  Water  above  West  Linton  are  in  great 
measure  composed  of  fine  felsitic  material.^  They  certainly  belong  to  a 
higher  horizon  than  the  most  southerly  lavas  of  the  Pentland  Hills,  and 
if  they  have  not  derived  their  volcanic  detritus  from  the  Biggar  volcanic 
area,  it  may  be  assumed  that  they  obtained  it  from  the  vent  of  the  Braid 
Hills.  In  any  case  they  show  that  after  tlie  lavas  of  the  southern  end  of 
the  Pentland  Hills  were  buried,  acid  volcanic  detritus  continued  to  be 
abundantly  distributed  over  this  part  of  the  floor  of  Lake  Caledonia. 


6.    Tlic  B Uigur  Crntrc' 

Another  distinct  group  of  volcanoes  had  its  centre  about  25  miles 
south-westward  from  the  Braid  vent,  and  on  the  same  line  as  those  of  the 
Pentland  Hills.  In  no  part  of  the  basin  can  the  isolation  of  the  different 
volcanic  clusters  1k3  so  impressively  observed  as  in  the  area  to  the  south- 
west of  these  hills.  On  the  one  hand,  the  lavas  and  tuffs  from  the  Braid 
vent  die  out,  and  on  the  otlier,  as  we  follow  the  conglomerates  south-west- 
wards, a  new  volcanic  series  innnediately  makes  its  appearance. 

The  space  l)etween  the  last  extremity  of  the  Pentland  lavas  and  the 
beginning  of  the  Biggar  series  does  not  exceed  some  500  yards.  It  will  be 
remembered  that  the  lower  half  of  the  Pentland  volcanic  series  dies  out  long 
before  it  reaches  the  southern  end  of  the  hills,  and  that  it  is  by  lavas  on  the 
horizon  of  some  of  the  dark  andesites  of  Allermuir  Hill  that  the  volcanic 
l>and  is  finally  prolonged  to  its  extreme  southern  limit.  The  most  northerly 
extension  of  the  Biggar  lavas  lies  somewhere  on  the  same  general  platform. 
But  whereas,  at  the  north  end  of  tlie  Pentland  chain,  the  volcanic  sheets 
re^t  on  the  edges  of  the  Upper  Silurian  shales,  at  the  south  end,  several 
hundred  feet  of  coarse  conglomerate  and  sandstone  intervene  l)etween  the 
Silurian  shales  and  the  porphyrites.  So  vapidly  does  the  bulk  of  these 
sedimentary  formations  increase  that  in  the  course  of  two  miles  they  must 
be  J>000  feet  in  thickness  below  th(^  most  northerly  of  the  l>iggar  lavas  just 

*  Explanation  to  Sheet  24  of  the  Geoh)gical  Survey  of  Scotland,  pp.  10,  1*2. 

-  This  area  is  included  in  Sheets  23  and  24  of  the  CJeological  Survey  of  Scotland.  It  was  niapi»ed 
and  described  by  myself.  (Explanations  of  Sheets  23  and  24.)  Various  i^arts  of  it  have  been 
referred  to  by  eariier  writers,  particularly  Maclaren,  Gcolofjtf  *>/ Fife,  etc.,  p.  176. 


326  VOLCANOES  OF  THE  LO  WER  OLD  RED  SANDSTONE      book  v 

referred  to.  But  after  that  point,  when  they  cross  the  Lyne  Water,  they 
begin  to  be  more  and  more  interstratified  with  thin  sheets  of  andesite.  These 
lavas,  the  beginning  of  the  Biggar  series,  soon  number  nine  or  ten  distinct 
bands,  and  so  quickly  do  they  usurp  the  place  of  the  sedimentary  materials 
that  in  a  distance  of  not  more  than  twelve  miles  they  form,  where  traversed 
by  the  river  Clyde,  the  whole  breadth  of  the  visible  tract  of  Old  Eed  Sand- 
stone, to  the  exclusion  of  the  conglomerates. 

Unfortunately,  soon  after  the  lavas  make  their  appearance  at  the  north 
end  they  are  in  great  measure  overlapped  unconformably  by  the  red  sand- 
stones at  the  base  of  the  Carboniferous  system,  but  where  the  Medwin  Watei- 
has  cut  through  this  covering,  they  can  be  seen  here  and  there  underneath 
on  their  southerly  course. 

A  section  through  the  northern  end  of  the  Biggar  series,  where  the 
successive  lavas  are  dying  out  northwards  among  the  conglomerates,  shows 
the  structure  given  in  Fig.  91.     The  sedimentary  strata  consist  largely  of 
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Fia.  91. — Section  across  the  northern  end  of  the  Biggar  volcanic  group,  from  Fadden  Hill  to 

bevond  Mendick  Hill. 

1.  Conglomerates  and  sandstones ;  2.  Lavas,  the  lowest  being  an  oli vine-diabase  or  basalt,  the  niain  mass 
being  andesites  ;  3.  Felsites  and  tnffs  ;  4.  Upper  Old  Red  Sandstone.    /,  Fault. 

debris  of  andesite,  and  the  lavas  include  dark  red  or  purple  andesites  and 
also  pale  felsites,  both  ha\'ing  the  same  characters  as  those  of  the  Pentland 
Hills. 

In  one  important  respect  the  volcanic  series  in  the  northern  part  of  the 
Biggar  area  differs  from  that  of  the  Pentland  Hills,  for  whereas  the  upper- 
most parts  of  the  latter  are  concealed  by  faults  which  bring  down  the  Car- 
boniferous strata  against  the  base  of  the  hills,  the  lavas  at  the  north  end  of 
the  Biggar  district  pass  conformably  under  a  thick  group  of  Lower  Old  Eed 
conglomerates  and  sandstones.  We  thus  learn  that  here  the  volcanic 
eruptions  ceased  long  before  the  close  of  the  deposition  of  the  Lower  Old 
Eed  Sandstone.  The  overlying  sedimentary  series  is  disposed  in  a  long 
synclinal  trough,  corresponding  in  direction  with  the  general  north-easterly 
strike  of  the  volcanic  rocks  which  reappear  from  under  the  sandstones  and 
conglomerates  along  its  south-eastern  border,  where  they  are  abruptly  trun- 
cated by  the  fault  (/,  Fig.  92),  which  brings  them  against  the  flanks  of  the 
Silurian  Uplands.  It  is  interesting  to  note  that  by  this  dislocation  the  lavas 
of  the  Lower  Old  Eed  Sandstone  are  placed  almost  in  immediate  contact 
with  those  of  the  Lower  Silurian  series,  which  appear  here  on  the  crests  of 
numerous  anticlinal  folds  that  are  obliquely  cut  ofif  by  the  fault. 

There  is  yet  another  feature  of  interest  in  the  northern  part  of  the 
Biggar  volcanic  centre.     Wliile  the  lowest  visible  lava  is  an  olivine-diabase 
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not  unlike  parts  of  the  Warklaw  group  of  the  Pentland  Hills,  those  which 
occur  above  it  are  partly  andesites  and  partly  orthoclase-felsites.  The  latter 
form,  among  the  hills  near  Dolphinton,  an  important  group  which  reaches 
its  greatest  development  in  the  Black  Mount  (1689  feet).  These  rocks 
cover  a  breadth  of  more  than  a  mile  of  ground,  and  probably  attain  a  thick- 
ness of  not  less  than  2000  feet.  They  so  closely  resemble  in  their  general 
characters  the  corresponding  rocks  of  the  Pentland  Hills  that  a  brief  de- 
scription of  them  may  suffice.  As  in  that  chain  of  hills,  they  are  so  prone 
to  decomposition  that  they  are  in  lai-ge  part  concealed  under  a  covering  of 
their  own  debris  and  of  herbage,  though  their  fragments  form  abundant 
screes,  and  numerous  projecting  knobs  of  rock  suffice  to  show  the  main 
features  of  the  lavas  and  their  accompaniments. 

The  felsites  weather  into  pale  yellow  and  greyish  *'  claystones,"  but 
where  fresher  sections  can  be  procured  they  often  show  darker  tints  of  lilac 
and  purple.  They  are  close-giTiined,  sometimes  flinty,  generally  porphyritic 
with  scattered  highly-kaolinized  white  felspars,  but  without  quartz,  often 
presenting  beautiful  flow-structure,  and  not  infrequently  showing  a  brecciated 
appearance,  which  in  the  usual  weathered  blocks  is  hardly  to  be  distinguished 
from  the  breccia  of  interstratified  tuffs. 

A  locality  where  some  of  these  features  may  be  satisfactorily  examined 
is  a  dry  ravine  in  the  farm  of  Bank,  on  the  south-east  side  of  the  Black  Mount. 
Here  the  felsite  possesses  such  a  perfectly  developed  flow-structure  as  to 
split  into  slabs  which,  dipping  8.E.  at  alxjut  25"",  might  deceive  the  observer 
into  the  belief  that  it  is  a  sedimentarv  rock.  A  fresh  fracture  shows  the 
laminae  of  flow,  many  of  which  are  as  thin  as  sheets  of  paper,  to  be  lilac  in 
colour,  some  of  the  more  decomj^osed  layers  assuming  tints  of  grey.  The 
felspars  and  micas  are  arranged  with  their  long  axes  parallel  to  the  lines 
of  flow.  The  rock  is  not  vesicular,  but  it  breaks  up  here  and  there  into  the 
brecciated  condition  just  referred  to.  Below  the  sheet  which  displays  the 
most  perfect  flow-structure,  what  is  probably  a  true  volcanic  breccia  makes 
its  appearance.  1 1  consists  of  angular  fragments  of  a  similar  lilac  felsite,  of 
all  sizes  up  to  pieces  two  or  three  inches  in  length,  cemented  in  a  matrix  of 
the  same  material  stained  reddish-brown.  In  this  breccia  the  stones  show 
little  or  no  flow-structure. 

Above  the  group  of  felsites  and  felsitic  breccias,  grey  andesites  make 
their  appearance,  like  some  of  those  in  the  Pentland  Hills.  Tliey  are  some- 
times extraordinarily  vesicular,  the  vesicles  in  the  body  of  the  rock  being 
filled  with  calcite,  agate,  etc.  Such  lavas  must  have  been  originally  sheets 
of  rough  slag.  The  elongated  steam-vesicles  have  been  partly  filled  up  with 
micaceous  sand  and  fine  red  mud  that  were  washed  into  cmnnies  of  the  lava 
in  direct  communication  with  the  overlying  water.  It  is  evident  that  in  the 
northern  part  of  the  Biggar  centre  the  succession  of  volcanic  events  followed 
closely  the  order  observable  in  the  Pentland  Hills,  but  on  a  feebler  scale. 
We  may  suppose  that  the  lower  diabases  and  andesites  are  tlie  equivalents  of 
those  of  Warklaw  and  AUennuir,  that  the  felsites  and  breccias  were  con- 
temporaneous with  those  of  Capelaw,  Caerketton  and  Castlelaw,  and  that  the 
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last  audesites  made  their  appearance  together   with  those  which  form  the 
highest  lavas  of  the  Pentlaiid  chain. 

A  section  across  tlie  southern  end  of  the  Biggar  volcanic  belt  shows  less 
diversity  of  structure  (Fig.  92).  The  lavas  (3)  are  there  found  to  flatten 
out  and  to  spread  unconformably  over  the  older  part  of  the  Lower  Old 
Red  Sandstone  (2),  whi(;h,  as  already  stated,  passes  down  into  the  Upper 
Silurian  shales.  A  few  intercalations  of  conglomerate,  mainly  made  up  of 
volcanic  detritus,  are  here  and  there  to  ])e  detected  among  these  lavas.  But 
the  chocolate  sandstones  and  conglomerates  that  lie  unconformably  below 
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outer 


Fig.  92. — Section  across  the  southern  part  of  the  Biggar  volcanic  group  from  Covington  to  Culter. 

1.  Ijower  Siluriau  Htrata ;  2.  Lower  Old  Reil  Sandstone  (pre- volcanic  group);  3.  Andcsito  lavmn  with  intercalate*! 
ttandHtonea  and  conglomerates  ;  4.  Felsitc  neck.    /,  The  boundary-fault  on  nortliem  edge  of  Southern  Uplands. 

them  contain  no  such  detritus,  for  they  belong  to  the  pre-volcanic  part  of 
the  history  of  Lake  Caledonia,  and  were  here  locally  upraised,  perhaps  as 
an  accompaniment  of  the  terrestrial  disturbances  that  preceded  or  attended 
the  first  outburst  of  volcanic  energy.  Followed  south-westwards,  the  strati- 
graphical  break  in  the  Lower  Old  Eed  Sandstone  disappears,  and,  as  will  be 
shown  in  the  account  of  the  Duneaton  centre,  a  continuous  succession  can 
there  be  traced  from  the  Upper  Silurian  shales  up  into  the  volcanic  series. 

An  interesting  feature  in  this  district  is  the  felsitic  boss  of  Quothquan 
already  alluded  to  (p.  288)  as  rising  up  through  the  andesites,  and  possibly 
marking  one  of  the  vents  of  the  district  It  is  one  of  a  number  of  felsitic 
intrusions  in  this  neighbourhood,  of  which  the  most  important  is  Tinto. 

A  third  section  taken  across  Tinto,  from  Thankerton  Moor  on  the  north 
side  to  Lamingtou  on   tlie  south,  will  serve  further  to  illustrate  the  great 
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Fio.  93. — Section  from  Thankerton  Moor  across  Tinto  to  Lamington. 

\<u  \jnvfcx  Silurian  ;  1.  Upper  Silurian  strata ;  '1.  Lower  Old  Red  Sandstone  with  two  marked  bands  of  eon- 
glomerate ;  3.  Lower  Old  Sandstt^me  (pre-volcanic  chocolate  sandstones) ;  4.  Andesite  lavas  with  sandstones, 
conglomerates  and  tufls  lying  unconformably  on  No.  8 ;  b.  Felsite  sill  of  Tinto  with  tlie  smaller  sill  of  the 
I*Hp  Craig  (k\).  /,  Fault  bounding  the  Silurian  uplands  on  the  north.  A  small  patch  of  the  unconformable 
Lower  Old  Red  conglomerate  is  seen  on  the  Houth  side  of  the  fault. 


unconformability  in  the  Lower  Old  Eed  Sandstone  of  this  district,  and  to  show 
the  relation  of  the  largest  felsitic  intrusion  to  the  surrounding  rocks  (Fig.  93). 
The  conglomerates  and  sandstones  that  appear  on  the  south  slopes  of  Tinto 
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lie  near  the  base  of  the  Old  Eed  Sandstone,  and  if  we  could  bore  among  the 
overlying  andesites  we  should  probably  meet  with  the  Upper  Silurian  shales 
among  or  conformably  beneath  the  red  passage- beds,  as  in  the  Lesmahagow 
district. 

The  andesitic  lavas  creep  over  the  upturned  denuded  edges  of  these 
strata  and  sweep  round  the  flanks  of  Tinto.  This  conspicuous  hill  reaches 
a  height  of  2335  feet  above  the  sea,  and  consists  of  the  felsitic  rocks  already 
described  (p.  278).  Seen  from  many  points  of  view  it  rises  as  a  graceful  cone, 
distinguished  from  all  the  other  eminences  around  it  by  the  pinkish  colour  of 
its  screes.  In  reality  it  forms  a  continuous  ridge  wliicli  runs  in  an  east  and 
west  direction  for  about  five  and  a  half  miles,  with  a  l)reiidth  of  about  a 
mile.  Some  part  at  least,  and  possibly  the  whole  of  this  oblong  mass,  is  in 
tlie  form  of  a  sill  or  laccolite  which  dips  towards  the  north.  Conglomerates 
and  sandstones  plunge  under  it  on  the  southern  side,  and  similar  sandstones 
overlie  it  on  the  north.  If  there  be  a  neck  in  this  mass,  as  one  might  infer 
from  the  shape  of  the  hill,  its  precise  limits  are  concealed.  The  rock  does 
not  break  through  the  andesites,  and  may  belong  to  an  earlier  period  of 
eruptivity  than  the  lavas  immediately  around  it.  There  were  other,  though 
smaller,  vents  in  the  immediate  neighbourhood.  Besides  the  cone  of 
Quoth(£uan  just  referred  to,  another  may  ])e  marked  by  the  felsite  boss 
which  overlooks  the  village  of  Douglas,  four  miles  to  the  south-west  of  the 
Tinto  ridge,  while  a  third  rises  hito  a  low  rounded  hill  close  to  the  village 
of  Symington. 

The  lavas  spread  out  again  to  the  south-west  of  Tinto  in  a  group  of 
hills,  until  they  are  interrupted  by  a  fault  whicli  brings  in  the  Douglas 
coal-field.^  This  dislocation  abruptly  terminates  the  Biggar  volcanic  band 
in  a  south-westerly  direction,  after  extending  for  a  length  of  2G  miles,  with 
a  breadth  of  sometimes  as  much  as  ^\q  miles. 

7.    The  Duncaton  Centre 

Among  the  high  ble^k  muirlands  on  the  confines  of  the  three  counties  of 
Lanark,  Ayr  and  Dumfries,  traversed  by  tlie  Duneaton  Water,  a  distinct 
volcanic  area  may  be  traced."  Its  boundaries,  however,  cannot  be  satis- 
factorily fixed.  It  is  overspread  with  Carboniferous  rocks  both  to  the 
north-east  and  south-west,  so  that  its  rocks  are  only  visible  along  a  strip 
alK)ut  seven  miles  long  and  two  miles  broad.  On  the  north-western  side  its 
lower  members  are  seen  lying  interstratified  among  the  sandstones  and  con- 
glomerates which  thence  pass  down  conformably  into  the  Upper  Silurian 
series  (Fig.  94).  But  although  we  thus  get  below  the  volcanic  series  we  meet 
with  no  vents  or  sills  among  the  lower  rocks.  On  the  south-east  side  the 
highest  lavas  and  tuffs  are  overlain  by  some  5000  feet  of  red  sandstones  and 
conglomerates  (2,  3),  which  completely  bury  all  traces  of  the  volcanic  history. 

*  See  Explanation  to  Slieet  23  of  tlie  Geological  Survey  of  Scotland  (1873),  p.  15.  This 
ground  was  mapped  and  described  by  Mr.  B.  N.  Peach. 

'  This  area  was  mapped  by  Mr.  B.  N.Peach  in  Sheet  1.5  of  the  Geological  Survey  of  Scotland, 
and  is  described  by  him  in  the  accompanying  Memoir. 
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volcanic  series  in  this  limited  district  reaches  an  estimated  thick- 
ness of  4000  feet,  built  up  of  purple  and  green 
slaggy  andesites,  dark  heavy  diabases  (melapliyres) 
and  tufifs,  with  abundant  interstratification  of  sand- 
stone, especially  towards  the  base.  One  of  its  chief 
features  of  interest  is  the  manner  in  which  it 
exhibits,  better,  perhaps,  than  can  be  found  in  any 
of  the  other  volcanic  areas,  the  frequent  and  rapid 
alternations  of  lavas  and  tufifs  with  sandstone  and 
conglomerate.  In  this  part  of  the  region  the 
volcanic  discharges  were  obviously  frequent  and 
intermittent,  while  at  the  same  time  the  transport 
and  deposition  of  sediment  were  continuous.  This 
sediment  consisted  largely,  indeed,  of  volcanic  de- 
tritus mixed  with  ordinary  sand  and  silt.  That 
these  conditions  of  sedimentation  were  not  whollv 
inimical  to  animal  life  is  shown  by  the  occasional 
occurrence  of  worm-burrows  in  the  ashy  sandstones.^ 

The  thick  accumulation  of  sandstones  and  con- 
glomerates above  the  main  mass  of  lavas  has  been 
derived  almost  wholly  from  the  waste  of  the  vol- 
canic rocks  (3).  Blocks  of  andesite,  well  rounded 
and  often  from  six  to  twelve  inches  in  diameter,  may 
be  seen  in  the  remarkable  band  of  coarse  con- 
glomerate which  runs  as  a  nearly  continuous  ridge 
from  the  Nith  to  the  Clyde — a  distance  of  more 
than  twenty  miles.  Nothing  impresses  the  geologist 
more,  as  he  wanders  over  this  district,  than  the 
evidence  of  the  prodigious  waste  which  the  volcanic 
series  underwent  before  it  was  finally  buried.  Some 
part  of  the  detritus  may  have  been  supplied,  in- 
deed, by  occasional  discharges  of  fragmental  matter, 
as  has  already  l)een  suggested  in  the  case  of  the 
Ocliil  and  Montrose  conglomerates.  But  the  nature 
of  the  pebbles  in  these  masses  of  ancient  shingle 
sliows  them  to  be  not  bombs,  but  pieces  worn  away 
from  sheets  of  lava. 

That  the  lavas  underlie  these  piles  of  detritus 
and  extend  southwards  even  up  to  the  very  edge 
of  the  Silurian  Uplands  is  shown  by  the  rise  of  a 
number  of  successive  beds  from  under  the  trough 
into  which  the  conglomerate  has  been  thrown. 
These  lavas,  however,  are  almost  immediately  cut 
off  by  the  great  boundary  fault  (/)  which  flanks  the 
That  they  are  not  met  with  now  to  the  south-east  of 
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Memoir  on  Sheet  15  Geol.  Surv.  Scotland  (1871),  p.  22. 
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the  dislocation,  where  they  must  once  have  lain,  is  an  evidence  of  the  great 
denudation  which  the  district  has  undergone.  Fig.  94,  which  gives  a  section 
across  the  broadest  part  of  the  area,  from  the  edge  of  the  Muirkirk  coal-field 
to  the  Silurian  uplands,  shows  the  general  structure  of  the  ground. 

No  satisfactory  evidence  regarding  the  position  of  any  of  the  vents 
of  the  period  has  been  met  with  in  this  district.  The  rocks  to  the 
south  of  the  boundary-fault  are  older  than  the  Old  Eed  Sandstone,  and 
as  they  must  have  been  for  some  distance  overspread  by  the  conglomerates, 
sandstones  and  volcanic  series,  we  might  hope  to  find  somewhere  among 
them  tnices  of  necks  or  bosses.  The  only  mass  of  eruptive  rock  in 
that  part  of  the  district  is  the  tract  of  Spango  granite  which  has  been 
ah^eady  referred  to  in  connection  with  the  subject  of  the  vents  and  granite 
protrusions  of  Old  Eed  Sandstone  time.  This  mass,  about  four  miles  long 
and  two  miles  broad,  rises  through  Silurian  strata,  and  by  means  of  the 
boundary  fault  is  brought  against  the  higher  group  of  conglomerates  and 
sandstones.  The  Silurian  shales  and  sandstones  around  the  granite  have 
undergone  contact-metamorphism,  becoming  highly  micaceous  and  schistose. 
The  ascent  of  this  granite  must  have  taken  place  between  the  upheaval  and 
contortion  of  the  Upper  Silurian  strata,  and  the  deposition  of  the  higher 
parts  of  the  Lower  Old  Eed  Sandstone  of  this  region.  Its  date  might  thus 
come  within  the  limits  of  the  volcanic  period.  Ikit  one  must  frankly  own 
that  there  is  no  positive  evidence  to  connect  its  production  with  the  volcanic 
history. 


8.    The  Ayrshire  Group  of  Vents 


The  original  limits  of  the  volcanic  districts  in  the  remaining  portion  of  the 
Old  Eed  Sandstone  area  on  the  mainland  of  Scotland,  from  the  vallev  of  the 
Nith  to  the  Firth  of  Clyde,  can  only  be  vaguely  indicated.^  There  is  a  difti- 
culty  in  ascertaining  the  south-western  termination  of  the  Duneaton  area, 
and  in  deciding  whether  the  lavas  and  tuffs  of  Corsincone  in  Nithsdale 
should  be  assigned  to  that  district  or  be  placed  with  those  further  to  the 
south-west.  Between  Corsincone  and  the  next  visible  volcanic  rocks  of  the 
Lower  Old  Eed  Sandstone  there  intervenes  a  space  of  six  miles,  along  which, 
owing  to  the  effect  of  the  great  fault  that  flanks  the  north-western  margin 
of  the  Southern  Uplands,  the  Carboniferous  Limestone  and  even  the  Coal- 
measures  are  brought  against  the  Silurian  formations,  every  intermediate 
series  of  rocks  being  there  cut  out.  It  may  therefore  be,  on  the  whole, 
better  to  include  all  the  volcanic  rocks  on  the  left  side  of  the  Nith  as  part 
of  the  Duneaton  series.  There  will  still  remain  a  tract  of  five  miles  of 
blank  intermediate  giound  before  we  enter  upon  the  volcanic  rocks  of 
Ayrshire. 

*  The  niapj)ing  of  the  Old  Red  Sandstone  volcanic  areas  of  Ayrshire  fur  the  Geological  Survey 
was  thus  distributed  : — The  district  east  of  Dahnellington  was  surveyed  l)y  Mr.  B.  N.  Peach,  that 
between  Dalmellington  and  Straiton  by  Prof.  James  Geikie,  and  all  from  the  line  of  the  Girvan 
Valley  south  of  Straiton  westward  to  the  sea  by  myself.  The  ground  is  embraced  in  Sheets  8,  13 
and  14  of  the  Map  of  Scotland,  and  is  described  in  accompanying  Explanations. 
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Owing  to  complicated  faults,  extensive  unconformable  overlaps  of  the 
Carboniferous  formations,  and  enormous  denudation,  the  volcanic  tracts  of 
Old  Eed  Sandstone  age  in  Ayrshire  have  been  reduced  to  mere  scattered 
patches,  the  true  relations  of  which  are  not  always  easily  discoverable  One 
of  these  isolated  areas  flanks  the  Silurian  Uplands  as  a  belt  from  a  mile  to 
a  mile  and  a  half  in  breadth  and  about  six  miles  long,  but  with  its  limits 
everywhere  defined  by  faults.  A  second  much  more  diversified  district 
extends  for  about  ten  miles  to  the  south-west  of  Dalmellington.  It  too 
forms  a  belt,  averaging  about  four  miles  in  breadth,  but  presenting  a  singularly 
complicated  geological  structure.  Owing  to  faults,  curvatures  and  denuda- 
tion, the  volcanic  rocks  have  there  been  isolated  into  a  number  of  detached 
portions,  between  some  of  which  the  older  parts  of  the  Old  Red  Sandstone, 
and  even  the  Silurian  rocks,  have  been  laid  bare,  while  between  others  the 
ground  is  overspread  with  Carboniferous  strata.  A  third  unbroken  area 
forms  the  Brown  Carrick  Hills,  south  of  the  town  of  Ayr,  and  is  of  specisd 
interest  from  the  fact  that  its  rocks  have  been  exposed  along  a  range  of  sea- 
cliffs  and  of  beach-sections  for  a  distance  of  nearly  four  miles.  Other  detached 
tracts  of  volcanic  rocks  are  displayed  on  the  shore  at  Turnberry  and  Port 
Garrick,  on  the  hills  between  Mochrum  and  the  vale  of  the  Girvan,  and  on 
the  low  ground  between  Dairy mple  and  Kirkmichael. 

The  isolation  of  these  various  outliera  and  separated  districts  is  probably 
not  entirely  due  to  the  effects  of  subsequent  geological  revolutions.  More 
probably  some  of  the  areas  were  always  independent  of  each  other,  and  their 
igneous  rocks  were  discharged  from  distinct  volcanic  centres.  We  may 
conjecture  that  one  of  these  centres  lay  somewhere  in  the  neighbourhood  of 
New  Cumnock,  for  the  lavas  between  that  town  and  Dalmellington  appear 
to  diminish  in  thickness  and  number  as  they  are  traced  south-westward. 
Another  vent,  or  more  probably  a  group  of  vents,  may  have  stood  on  the 
site  of  the  present  hills  to  the  right  and  left  of  the  Girvan  Valley,  south  of 
the  village  of  Straiten.  A  third  probably  rose  somewhere  between  Dailly 
and  Crossbill,  and  poured  out  the  lavas  of  the  ridges  between  Maybole  and 
the  Dailly  coal-field.  The  important  centre  of  eruption  that  produced  the 
thick  and  extensive  lavas  of  the  Brown  Carrick  Hills  may  be  concealed 
under  these  hills,  or  may  have  stood  somewhere  to  the  west  of  Maybole. 
Still  another  vent,  perhaps  now  under  the  sea,  appears  to  be  indicated  by 
the  porphyrites  of  the  coast-section  between  Turnberry  and  Culzean  Bay. 

Owing  to  the  compUcated  structure  of  the  ground,  several  important 
points  in  the  history  of  the  Old  Eed  Sandstone  of  this  region  have  not  been 
established  beyond  dispute.  In  particular,  the  unconformability  which  un- 
doubtedly exists  in  that  system  in  the  south-west  of  Ayrshire  has  not 
been  traced  far  enough  eastwards  to  determine  whether  it  affects  the  volcanic 
belt  east  of  Dalmellington,  or  whether  the  break  took  place  before  or  after 
the  eruption  of  that  belt.  West  of  Dalmellington  it  clearly  separates  a 
higher  group  of  sandstones,  conglomerates  and  volcanic  rocks  from  every- 
thing older  than  themselves.  The  structure  is  similar  to  that  in  the  Pent- 
land    Hills,  a  marked  disturbance    having    taken    place    here   as  well  as 
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there  after  a  considerable  portion  of  the  Lower  Old  Ked  Sandstone  had  been 
deposited.  These  earlier  strata  were  upraised,  and  on  their  denuded  ends 
another  group  of  sandstones  and  conglomerates  was  laid  down,  followed  by 
an  extensive  eruption  of  volcanic  materials. 

It  is  the  upper  unconformable  series  that  requires  to  be  considered  here, 
as  it  includes  all  the  volcanic  rocks  of  the  Old  lied  Sandstone  lying  to  the 
west  of  the  meridian  of  Dalmellington.  The  position  of  tliese  rocks  on 
their  underlying  conglomerates  is  admirably  exposed  among  the  hills  between 
the  valleys  of  the  Doon  and  the  Girvan,  as  well  as  on  Benimn  Hill  to  the 
south  of  Straiton.  The  aiidesites  lise  in  a  enij^-  escarpment  crowning  long 
green  slopes  that  more  or  less  conceal  the  conglomerates  and  sandstones  below. 

Along  the  coast -sections  the  structure  of  the  \oIcanic  rocks  may  be 
most  advantageously  studied.  The  shore  from  the  Heads  of  Ayr  to 
Culzeau  Castle  aft'ords  a  tine  series  of  exposures,  where  every  feature  in  the 
succession  of  the  lavas  may  be  obser\-ed.  Still  more  instructive,  perhajts, 
is  the  mile  and  a  half  of  beach  between  Txirnberry  IJay  and  Bouglastou,  of 
which  I  shall  here  give  a  condensed  account,  for  comparison  with  the  coiist- 
aections  of  Kincardineshire  and  Forfarshire  already  described. 

The  special  feature  of  this  part  of  the  Ayrshire  cotist-line  is  the  number 
of  distinct  andesite  sheets  which  can  be  discriminated  liy  means  of  the  thin 
layers  of  sandstone  and  sandy  tuff  that  intervene  between  them.  In  the 
short  space  of  a  mile  and  u  half  somewhere  about  thirty  sheets  can  be 
recognized,  each  niarkini;  a  separate  outflow  of  lava.  It  was  in  this  section 
that  I  first  observed  the  sandstone-veinings  which  have  been  described  in 
previous  pages,  and  nowhere  are  they  more  clearly  develojted.  Almost  every 
successive  stream  of  andesite  has  been  more  or  less  fissured  in  cooling,  and  its 
rents  and  irregular  cavernous  iiollows  have  been  filled  with  fine  sand  silted 
in  from  abo\'e.  The  connection  may  often  be  observed  between  these  sand- 
atone  partitions  or  i>atches  and  tlie  bed  of  the  same  materijil,  which 
overspread  the  surface  of  tlie  lava  at  the  time  that  tlie  fissures  were  lieing 
SUed  up. 

The  andesites  of  the  Turnlieny  shore  are  of  the  usual  dark  pur}>lish-iud 
to  green  colours,  more  or  less 
compact  in  the  centre  and 
vesicular  towards  the  top  and 
bottom.  They  display  with 
great  clearness  the  large  empty 
spaces  that  were  apt  to  be 
formed  in  such  viscous  slaggy 
lavas  as  they  moved  along  the 
lake  -  bottom.  These  siniccs, 
afterwards  tilled  with  fine  .sand, 
now  appear  as  irregular  en- 
closures of  Imrd  green  sjind- 
stone  erabetlded  in  the  andesite. 


1  in  one  of  the  lavas  at  John  o'  Groat's  Port. 


The  example  shown   in   Fig.  95  nuiy  U- 
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From  tlio  nrraiigeiiieiit  of  the  veins  of  saiuUtoiie  it  is  evident  that 
im'nulnilj'  ilivei>p.'iit,  but  often  iiiorp  or  loss  stvUato,  tisaiires  opened  in  the 
Iftvtiij  na  tlifv  cooled.  Stmietiines,  imlced,  the  molten  rock  appears  to  have 
liiiikeii  iiji  into  :i  shattered  mass  of  fragments,  as  must  often  have  happened 
wfhen  lava.1  wen'  pinired  over  the  lakt'-floor.  What  may  be  an  iustance  of  this 
eH'ect  is  to  1^  seen  on  the  cliff  under  tlie 
walla  of  Tnmberry  Caatle,  whence  the 
annexed  sketch  (Fig.  96)  was  taken. 
The  lower  aiidesite  {a)  is  highly  amygda- 
tuidtd  tiiwai-ds  the  top,  and  is  traversed 
in  iitl  directions  with  irregular  veins  and 
nests  of  sandstone  which  can  be  traced 
upwaitl  to  the  l)ed  (6),  consisting  of  sand- 
stone, but  »i>  tall  of  lumps  or  sl&ga  of 
aniy>?la1oidiil  utidesite  that  one  is  here 
and  iheiv  pii/zlwi  wliether  to  regard  it 
as  a  setUmentary  deposit,  or  as  the  upper 
layer  of  clinkers  of  a  lava-stream  strewn 
witii  sjinil.  Above  this  fragmentary  layer 
lies  another  lied  of  andesite  (f)  of  a 
coarsely  aniygdaloidal  structure,  which 
encloses  ]iiitclR'S  of  the  underlying  sand- 
stone. It  passes  iij>\viii-d,  in  a  space  of 
fnini  four  to  six  feet,  into  a  mass  of 
angiihu-  scoriHceoiis  fragments  (rf)  of  all 
sizes  ui>  to  blocks  If*  inches  in  length 
cemented  in  a  vein-stuff  of  calcite,  chalce- 
dony luiil  quart/.  Thin  bn>eciated  structure  ascends  for  alumt  13  or  14 
feet,  and  is  then  succeeded  by  a  greenish  connKict  andesite  (c),  which  further 
north  U'coiiies  amyydaloiilal  and  much  veined  with  sandstone,  passing  into 
a  liivcciii  of  lava  fragiaents  and  sandstone. 

The  remarkable  bn^ciated  liand  (li)  in  ihis  cliR',  thoiigli   13  or  14  feet 


li-siti--,  TuriiWir; 


Kg,  9(J),  Tomlwrr)-,  AynOiin 


in  the  centre,  imnii-diately  thins  out  on  either  side,  until  in  the  course  of  a 
few  yanls  it  completely  disappcai-s  and  allows  the  la%'as  c  and  e  to  come 
tt^ther,  as  shown  in   Fig.  9".     "We  may  suppose  that  this  section  reveals 


'-Si  I 
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the  structure  of  the  terminal  portion  of  a  highly  viscous  lava  which  was 
shattered  into  fragments  as  it  moved  along  under  water. 

No  clear  evidence  of  the  sites  of  any  of  the  volcanic  vents  has  yet  been 
detected  in  the  Old  Red  Sandstone  of  Ayrshire.  Possibly  some  of  the 
numerous  felsitic  bosses  to  the  south-west  of  Dalmellington  may  partly  mark 
their  positions.  But  the  sills  connected  with  the  volcanic  series  are  well 
exposed  in  the  12  miles  of  hilly  ground  between  Dalmellington  and  Barr. 
Two  groups  of  intrusive  sheets  may  there  be  seen.  The  most  numerous 
consist  of  pale  or  dark-pink  felsite,  often  full  of  crystals  of  mica.  They 
form  prominent  hills,  such  as  Turgeny,  Knockskae  and  GarleflBn  Fell.  The 
second  group  comprises  various  diabase-sheets  which  have  been  intruded 
near  the  base  of  the  red  sandstones  and  conglomerates,  over  a  distance  of  seven 
miles  on  the  north  side  of  the  Stinchar  Valley  above  Barr.  They  attain 
their  greatest  development  on  Jedburgh  Hill,  where  they  form  a  series  of 
successive  sills,  the  largest  of  which  unite  northwards  into  one  thick  mass 
and  die  out  southward  among  the  sandstones  and  conglomerates. 


CHAPTER  XXI 

VOLCANOES    OF   THE    LOWER    OLD    RED    SANDSTONE    OF   THE    CHEVIOT    H1LL8, 

LORNE,    "  LAKE    ORCADIE "    AND    KILLARNEY 

THE    CHEVIOT    AND    BERWICKSHIRE    DISTRICT 

In  the  south-east  of  Scotland,  and  extending  thence  into  the  north  of 
England,  the  remains  of  several  distinct  volcanic  centres  of  the  Lower  Old 
Red  Sandstone  may  still  he  recognized.  Of  these  the  largest  and  most 
interesting  forms  the  mass  of  the  Cheviot  Hills ;  a  second  has  been  partially 
dissected  by  the  sea  along  the  coast  south  from  St.  Abb's  Head ;  while 
possibly  relics  of  others  may  survive  in  detached  bosses  of  eruptive  rock 
which  rise  through  the  Silurian  formations  of  Berwickshire.  The  water- 
basin  in  which  these  volcanic  groups  were  active  was  named  by  me  '*  Lake 
Cheviot,"^  to  distinguish  it  from  the  other  basins  of  the  same  geological 
period  (Map  I.). 

The  volcanic  rocks  of  the  Cheviot  Hills,  though  their  limits  have  been 
reduced  by  faults,  unconformable  overlap  of  younger  formations  and  severe 
denudation,  still  cover  about  230  square  miles  of  ground,  and  rise  to 
a  height  of  2676  feet  above  the  sea.  As  they  have  been  mapped  in  detiiil 
by  the  Geological  Survey,  both  on  the  English  and  the  Scottish  sides  of  the 
Border,  their  structure  is  now  known.^  No  good  horizontal  section,  however, 
has  yet  been  constructed  to  show  this  structure — a  deficiency  which,  it  is 
hoped,  may  before  long  be  supplied. 

1  Trmis.  Roy,  Soc,  Edin.  xxWii.  (1878),  p.  354. 

«  The  Geology  of  the  Cheviot  Hills  is  comprised  in  Sheets  108  N.E.,  109  X.W.,  and  110  S.W. 
of  the  Geological  Survey  of  England  and  Wales,  and  in  Sheets  17,  18  and  26  of  the  Geological 
Survey  of  Scotland.  For  descriptive  accounts  tlie  Memoii-s  to  some  of  these  Sheets  may  be  con- 
sulted, particularly  "Geology  of  the  Cheviot  Hills"  (English  side),  by  C.  T.  Clough  {Mnn.  (Uol. 
Surv.  1888)  ;  "Geology  of  Otterburn  and  Elsdon,"  by  H.  Miller  and  C.  T.  Clough  {Man.  (ieol. 
Surv.  1887);  "Geology  of  Part  of  Northumberland  between  Wooler  and  Coldstream,''  by  W'. 
Gunn  and  C.  T.  Clough,  with  Petrographical  Notes  by  W.  W.  W^atts  {Mem.  OcoL  Sure.  1895). 
Other  descriptions  have  been  published  by  Professor  James  Geikie,  Good  Words,  vol.  xvii.  (1876), 
reprinted  in  Fragments  of  Earth-lore  (1893),  and  by  Prof.  Lebour,  Outlives  of  the  frcology  of 
Nor(humherl<tnd^  2nd  edit.  1886.  For  the  petrography  of  the  rocks  consult  Mr.  J.  J.  H.  Teall, 
Ged.  Mag,  1883,  pp.  100,  145,  252,  344  ;  1884,  p.  226  ;  1885,  p.  106  ;  Proc.  Oeol.  Assoc,  ix.  (1886) 
p.  675  ;  and  his  British  Petroffraphy^  1888  ;  Dr.  J.  Petersen,  Mikroskoyisclie  und  chcmische  Unter- 
suehungen  am  Eiistaiitporphyrit  a  us  den  Cheviot  HillSy  Inaugural  Dissertation,  Kiel,  1884. 
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This  volcanic  pile,  consisting  mainly  of  bedded  andesites  which  rest 
unconforraably  on  the  upturned  edges  of  Wenlock  shales  and  grits,  presents 
a  most  typical  display  of  the  lavas  of  the  Lower  Old  Eed  Sandstone.  These 
rocks  range  from  vitreous  or  resinous  pitchstone-like  varieties  to  coarsely 
porphyritic  forms,  on  the  one  hand,  and  to  highly  vesicular  and  amygdaloidal 
kinds,  on  the  other.  Analyses  of  some  of  these  rocks,  and  an  account 
of  their  petrography,  have  already  been  given. 

The  lavas  are  often  separated  by  thin  partings  of  tuff,  and  their  upper 
surfaces  show  the  fissured  character  with  sandstone  infillings,  so  character- 
istic among  the  lavas  of  "  Lake  Caledonia."  ^  Tuffs  form  a  very  sulx)rdinate 
part  of  the  whole  volcanic  series.  One  of  the  most  important  bands  is 
a  thick  mass  at  the  base  of  the  series,  lying  immediately  on  the  highly 
inclined  Silurian  shales.  The  fragments  are  generally  of  a  fine-grained 
purple  mica-andesite,  often  two  or  three  feet  and  sometimes  at  least  five 
feet  long.  For  a  few  feet  near  the  bottom  of  this  mass  of  tuff,  pieces  of 
Silurian  shale  an  inch  in  length  may  be  noticed.  Mr.  Clougli  remarks  that 
distinct  bedding  is  not  usual  among  the  tuffs.  Though  no  doubt  most 
of  the  fragmental  materials  really  lie  intercalated  between  successive  lava- 
streams,  yet  some  of  the  isolated  patches  of  coarse  volcanic  breccia  may 
mark  the  sites  of  eruptive  vents.  One  such  probable  neck  has  been  mapped 
on  the  Scottish  side  between  Oocklawfoot,  at  the  head  of  the  Bowmont 
Water,  and  king's  Seat,  while  others  may  perhaps  occur  among  the  detaclied 
patches  that  have  been  observed  on  the  Northumbrian  side.  No  thick  con- 
glomerates or  sandstones  have  l^een  noticed  in  the  Cheviot  District.  The 
volcanic  eruptions  appear  to  have  usually  succeeded  each  other  without  the 
spread  of  any  notable  amount  of  ordinary  detritus  over  the  floor  of  the 
water-basin.  It  is  ditticult  to  estimate  the  totiil  thickness  of  volcanic 
material  here  piled  up,  but  it  probably  amounts  to  several  thousand  feet. 
The  top  of  the  series  is  not  visible,  having  been  partly  removed  by  denuda- 
tion and  partly  buried  under  the  Carboniferous  formations. 

It  will  thus  be  seen  that  the  Cheviot  area  stands  apart  from  the  other 
volcanic  districts  of  the  Lower  Old  Ked  Sandstone  in  the  great  relative 
thickness  of  its  accumulated  lavas,  the  comparative  thinness  of  its  tuffs,  and 
the  absence  of  the  thick  intercalations  of  coarse  conglomerate  so  abundantly 
developed  among  the  volcanic  series  all  over  Central  Scotland.  But  there 
is  yet  another  characteristic  in  which  this  area  is  pre-eminently  conspicu- 
ous. In  the  hciirt  of  the  andesites  lies  a  core  of  augite-granitite,  around 
which  these  rocks  are  traversed  with  dykes. 

This  interesting  granitic  boss  rises  into  the  highest  summit  of  the  whole 
Cheviot  range,  and  covers  an  area  of  rather  more  than  20  square  miles. 
While  its  petrographical  characters  have  been  described  by  Mr.  Teall, 
its  boundary  has  been  mapped  by  Mr.  Clough,  who  found  the  line  ditticult 
to  trace,  owing  partly  to  the  prevalent  covering  of  peat,  and  partly  to  the 
jagged  and  irregular  junction  caused  by  the  protrusion  of  dykes  from  and 
into  the  boss.       He  obtained  evidence  that  the  granite  has  broken  through 

^  Clough,  Otohgy  of  the  Cheviot  Hills j  p.  15. 
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the  bedded  andesites,  and  that  it  is  in  turn  traversed  by  dykes  composed  of 
a  material  indistinguishable  from  that  of  some  of  the  flows.  He  therefore 
considered  that  it  is  essentially  of  the  same  age  as  the  rest  of  the  volcanic 
series,  and  "  not  improbably  the  deep-seated  source  of  it."  ^  Mr.  Teall  also, 
from  a  chemical  and  microscopical  examination  of  the  rocks,  drew  a  similar 
conclusion.^ 

The  andesites  around  the  granite  have  undergone  contact-metamorphism, 
but  the  nature  and  extent  of  the  change  have  not  yet  been  studied.  There 
occur  around  the  granite  many  dykes  of  felsite  and  quartz-felsite,  to  the 
petrographical  character  of  which  reference  has  already  been  made.  But 
the  most  abundant  and  remarkable  dykes  of  the  district  are  those  of  a 
reddish  mica-porphyrite,  of  which  Mr.  Clough  has  mapped  no  fewer  than 
forty,  besides  those  in  the  granitic  area.  He  has  called  attention  to  the 
significant  manner  in  which  all  the  dykes  of  the  district  tend  to  point  in  a 
general  way  to  the  great  core  of  granite,  as  if  that  were  the  nucleus  from 
which  they  had  radiated.^ 

The  central  granite  of  the  Cheviot  Hills,  with  its  peripheral  dykes,  has 
no  accompanying  agglomerates  nor  any  decided  proof  that  it  ever  com- 
municated with  the  surface.  When,  however,  we  consider  its  petrographical 
and  chemical  constitution,  its  position  as  a  core  among  the  bedded  lavas, 
and  the  intimate  way  in  which  it  is  linked  with  these  rocks  by  the  net- 
work of  dykes,  we  are,  1  think,  justified  in  accepting  the  inference  that  it 
belongs  to  the  volcanic  series.  It  possesses  some  curious  and  interesting 
features  in  common  with  the  great  granophyre  bosses  of  Tertiary  age  in 
the  Inner  Hebrides.  Like  these  it  has  no  visible  accompaniment  of 
superficial  discharges.  Yet  it  may  have  ascended  by  means  of  some  central 
vent  or  group  of  vents  which,  offering  to  it  a  weak  part  of  the  crust, 
allowed  it  to  communicate  with  tlie  surface  and  give  rise  to  the  outflow  of 
lavas  and  fragmental  ejections.  In  any  case,  it  affords  us  a  most  interesting 
and  instructive  insight  into  one  of  the  deeper-seated  ducts  of  a  volcanic 
region,  and  the  relation  of  a  volcanic  focus  to  the  ascent  of  the  granitic 
magma. 

About  twenty  miles  to  the  north  of  the  Cheviot  Hills,  and  separated 
from  them  by  the  Carboniferous  and  Upper  Old  Red  Sandstones  which 
spread  across  the  broad  plain  of  the  Merse,  a  group  of  volcanic  rocks  has 
been  laid  open  in  a  singularly  instructive  manner  along  the  coast  of 
Berwickshire,  between  the  village  of  Eyemouth  and  the  promontory  of  St. 
Abb's  Head.  Not  only  the  actual  vents,  but  the  lavas  and  tuffs  connected 
with  them,  have  there  been  admirably  dissected  by  the  forces  of  denudation. 

That  this  volcanic  area  was  quite  distinct  from  that  of  the  Cheviot 
Hills  may  be  inferred  from  its  coarse  agglomerates,  and  from  the  fact  that 
when  the  rocks  are  followed  inland  in  a  south-westerly  direction,  that  is, 
towards  the  Cheviot  area,  they  are  found  to  diminish  in  thickness  and  to 
disappear  among  the  ordinary  sediments.     For   the  same  reason  we  may 

*  Op,  cU,  p.  24.  '  GeoL  Mag,  1885,  p.  106.  ^  q^^  ^7,  pp^  26-28. 
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regard  the  area  as  indepencleut  of  any  vents  which  may  have  risen  further 
west  about  Cockburn  Law  and  the  Dirrington  Laws.  Unfortunately,  how- 
ever, only  a  small  part  of  the  area  comes  into  view,  the  rest  of  it  lying 
beneath  the  waters  of  the  North  Sea.^ 

Of  the  several  vents  dissected  along  this  coast-line,  one  may  be  seen  at 
Eyemouth,  filled  with  a  very  coarse  tumultuous  agglomerate  of  andesite 
fragments  embedded  in  a  compact  felspathic  matrix,  through  which  are 
scattered  broken  crystals  of  felspar,  and  imperfect  tabular  crystals  of  black 
mica.  Another  of  similar  character  is  exposed  for  more  than  a  mile  and  a 
half  along  the  shore  at  Coldingham.  It  contains  blocks,  sometimes  more 
than  a  yard  in  diameter,  of  different  varieties  of  andesite,  and,  as  at  Eye- 
mouth, is  much  invaded  by  veins  and  bosses  of  intrusive  andesite. 

To  the  north  of  Coldingham,  a  series  of  l)edded  volcanic  rocks  which 
form  the  picturesc^ue  headland  of  St.  Abb's  Head,  are,  jiccording  to  the 
estimate  of  Professor  James  Geikie,  about  1000  to  1200  feet  thick,  but 
neither  their  bottom  nor  their  top  is  seen.  The  same  observer  found  them 
to  consist   of  three  groups  of  andesite   slieets   separated  and  overlain  by 
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Fkj.  98. — Section  across  the  volcanic  area  of  St.  Abb's  Heacl  (after  Prof.  J.  Geikie). 

1 1.  Silurian  fonaations ;  2.  Lower  Old  Red  Conglomerate  and  Sandstone ;  33.  SheetMof  andesitic  lava ;  4.  Volcanic 
tnffii,  largely  com] 
audcsites.  /,  Faui 


tnffii,  largely  imposed  of  8Coria>  in  the  higher  part8  ;  5.  Volcanic  agglomerate  of  neck  on  nhore  ;  <•.  Intniiiive 
lit. 


bedded  tuffs.  The  lowest  lavas  have  their  base  concealed  under  the  sea, 
and  are  covered  by  a  thick  band  of  coarse  agglomeratic  tuff,  above  which 
lies  the  second  group  of  andesites,  about  250  feet  thick.  An  intercalation 
of  various  tuffs  from  40  to  50  feet  thick  then  succeeds,  followed  by  the 
third  lava-group,  250  or  300  feet  in  depth.  The  highest  member  of  the 
series  is  a  mass  of  bedded  tuffs  some  400  feet  thick. 

The  andesites  lie  in  beds  vaiying  from  about  15  to  about  50  feet  or 
more  in  thickness.  They  are  fine-grained,  purplish-blue,  or  greyish-Wue, 
<iften  reddish  rocks,  of  the  usual  tyi)e.  Generally  rather  close-grained,  they 
are  not  as  a  ride  very  porphyritic,  but  often  highly  scoriaceous  and  amyg- 
<laloidal,  especially  towards  the  top  and  bottom  of  each  bed.  The  more 
.slaggy  portions  are  sometimes  so  filled  in  ^vith  fine  tuflf  that  the  rock  might 
be  mistaken  for  one  of  fragmental  origin. 

The  bedded  tuffs  are  usually  well  stratified  deposits.     The  most  import- 

*  This  area  lies  in  Sheet  34  Geological  Survey  of  Scotland,  and  was  described  by  myself  in  the 
Memoir  to  accompany  that  Sheet  ("Geology  of  Eastern  Berwickshire,"  1864,  p.  20).  More 
recently  the  shore  between  St.  Abb's  Head  and  Coldingham  has  been  remapped  by  Professor 
James  Geikie  who  has  also  studied  the  microscopic  character  of  the  rocks,  Froc,  Hoy,  Soc,  JBdin, 
xiv.  (1887). 
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ant  band  of  them  is  that  which  forms  the  highest  member  of  the  volcanic 
series.  It  consists  of  successive  beds  that  vary  from  fine  red  mudstones  up 
to  volcanic  breccias  with  blocks  one  foot  or  more  in  diameter.  The 
materials  have  been  derived  from  the  explosion  of  andesitic  lavas.  Most  of 
the  lapilli  are  vesicular  or  amygdaloidal,  and  many  of  them  have  evidently 
come  from  vitreous  scoriaceous  lavas.  Professor  Geikie  remarks  that  "  from 
their  highly  vesicular  character,  they  might  well  have  floated  in  water  at 
the  time  of  their  ejection — they  are  in  short  mere  cinders."  He  could 
detect  no  trace  of  ordinary  sediment  in  the  matrix,  the  whole  material 
being  thoroughly  volcanic  in  origin. 

The  lavas,  tuffs  and  agglomerates  have  been  abundantly  invaded  by 
intrusive  rocks,  chiefly  andesites.^ 

The  agglomerates  of  this  Berwickshire  coast  extend  for  a  short  way  in- 
land from  the  Coldingham  and  Eyemouth  vents,  but  the  fragmental  material 
soon  becomes  finer  and  more  water-rolled,  and  assumes  a  distinctly  stratified 
structure,  as  it  is  gradually  and  increasingly  interleaved  with  layers  of 
ordinary  sediment.  Hence  in  passing  towards  the  south-west,  away  from 
the  coast-line,  we  are  obviously  receding  from  the  vents  of  eruption  and 
entering  into  the  usual  non-volcanic  deposits  of  the  time.  That  these 
deposits  belong  to  the  Lower  Old  Eed  Sandstone  was  first  ascertained 
during  the  progress  of  the  Geological  Survey  in  this  district  by  the  discovery 
of  abundant  plant-remains  in  the  form  of  linear  grass- hke  strips,  and  also 
pieces  of  Pterygotus  in  some  of  the  green  shales  interstratified  among  fine 
tufifs  and  ashy  sandstones."  Before  the  volcanic  detritus  disappears  from  the 
strata  as  they  are  followed  in  a  south-westerly  direction,  the  whole  series 
is  unconformably  overlain  by  the  Upper  Old  Eed  Sandstone.  The  lower 
division  of  the  formation  is  not  again  seen  until  it  rises  from  under  the 
southern  margin  of  the  plain  of  the  Merse  into  the  Cheviot  Hills. 

About  ten  miles  to  the  south-west  of  the  large  Coldingham  neck  the  great 
boss  of  Cockburn  Law  and  Stoneshiel  Hill  rises  out  of  the  Silurian  rocks.^ 
Five  miles  still  further  in  the  same  direction  the  group  of  the  beautiful 
cones  of  Dirrington  (Fig.  70)  overlooks  the  wide  Merse  of  Berwickshire,^ 
and  six  piiles  to  the  north  of  these  hills,  in  the  very  heart  of  Lammennuir, 
lies  the  solitary  boss  of  the  Priestlaw  granite.^  To  these  protrusions  of 
igneous  material  reference  has  already  been  made  as  possible  volcanic  vents 
connected  with  the  eruptions  of  the  Lower  Old  lied  Sandstone.  As  regards 
their  age  they  must  certainly  be  younger  than  the  Llandovery  rocks  which 
they  disrupt,  and  older  than  tlie  Upper  Old  Eed  Sandstone,  of  which  the 
conglomerates,  largely  made  from  their  debris,  lie  on  them  unconformably. 
It  seems  therefore  probable  that  these  great  bosses  may  form  a  part  of  the 

*  See  Prof.  J.  Geikie,  op.  cit. 

*  "Geology  of  Eastern  Berwickshire,"  Mem.  Gcol.  Surv.  Scotland  (1864),  pp.  26,  27,  57. 

.  3  See  *'The  Geology  of  Eastern  Berwickshire  "  (Sheet  34),  Mem.  GcoL  ,Surv.  Scotland  (1864), 
p.  29. 

*  These  hills  are  chiefly  represented  in  Sheet  25.     But  see  "  The  Geology  of  East  Lothian,'" 
Mem.  Geol.  Surv.  Scotland  (1866),  p.  26. 

'  "Geology  of  East  Lothian,"  Mem.  Geol.  Surv.  Scotland,  p.  15,  and  authorities  there  cited. 
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volcanic  history  of  the  Lower  Old  Red  Sandstone  period.  But  no  positive 
proof  has  yet  been  ohtiiiiiecl  that  any  one  of  them  was  the  site  of  an  erup- 
tive vent,  and  no  trace  has  Ijeen  detected  araiind  them  of  any  lavaa  or  tuffe 
which  might  have  proceeded  from  them. 


" THE    LAKE   OF   LORNE " 

The  basin  of  Lome  h-is  not  yet  been  carefully  examined  and  described, 
though  various  writers  lia^e  referred  to  different  parts  of  it  (Map  I.).  My 
own  obsei-vations  liave  been  too  few  to  enable  me  to  give  an  adequate  account 
of  it.  The  volcanic  sheets  of  this  area  form  a  notable  feature  in  the  scenery 
of  the  West  Highlands,  for  they  are  the  materials  out  of  which  the  remark- 
able terraced  hills  have  lieen  ear\'ed,  which  stretch  from  Loch  Melfort  to 
Ijoch  Creran  (Fig.  99),  and  which  reapi)ear  in  picturesque  outliers  among 
the  mountains  traversed  by  Crlen  Coe.  Between  the  ancient  schists  that 
form  the  foundation- rocks  of  this  district  and  the  base  of  the  volcanic  series, 
lies  a  group  of  sedimentary  strata  which  in  the  western  part  of  the  district 
must  be  500  feet  thick.  This  group  consists  of  exceedingly  coai-se  breccias 
at  the  bottom,  alwve  which  come  massive  conglomerates,  volcanic  grits  or 


il«ite  liills  restiiig  nu  niauive  conglnmemte,  xoutli  of  OI«n. 


tuffs,  tine  sandstones  and  courses  <)f  shale.  While  the  basement-breccias 
are  composed  mainly  of  detritus  of  the  underlying  schists,  including  blocks 
six  feet  long,  they  pasH  up  into  course  conglomerates  made  up  almost 
entirely  of  fragments  of  different  lavas  (andesites,  diaUises,  etc.),  and  more 
tlwu  100  feet  thick,  wliieh  often  show  little  or  no  trace  of  stratification, 
but  break  up  into  lai^e  (luadrangular  blocks  by  means  of  joints  wliich  cut 
across  the  iml)&lded  Uiulders.  These  volcanic  conglomerates  form  some  of 
the  more  conspicuous  features  of  the  coast  to  tlie  south  and  north  of  Olian, 
and  are  well  exposed  in  tlie  Isle  of  Kerrera.  They  offer  many  points  of 
resenibhince  to  those  of  Lake  Caledonia,  but  no  certiiin  piiiof  has  been 
noted  that  they  belong  to  the  I^wer  Old  Red  Sandstone.  They  have 
obviously  Iteen  derived  from  lava-slieets  that  wci-e  exix)8ed  to  strong  breaker- 
action,  which  at  the  same  time  transported  and  niunded  blocks  of  granite, 
schist  and  other  crjTitalline  rocks  derived  from  the  adjacent  hills.     During 
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the  intervals  of  quieter  sedimentation  indicated  by  the  fine  sandstones  and 
shales,  volcanic  explosions  continued,  as  may  l>e  seen  by  the  ocexirreiice  of 
occasional  ki^e  bombs  which  have  fnUen  upon  and  pi-cssed  down  the  fine 
ashy  silt  that  was  gathering  on  the  bottom. 

It  would  seem  from  the  cliaracters  of  some  of  the  atratii  in  this  sedimen- 
tary series  that  over  the  area  of  deposit  portions  of  the  shallower  waters 
were  occasionally  laid  Itare  to  the  sun  and  air.  Among  the  cnnglomerates 
there  lie  certain  bands  of  reddish  sandy,  ripple-marked,  sun-cracked  and 
rain-pitted  shales  and  line  sandstones.  Such  accumulation  a,  indicative  of 
the  ultimate  exposure  of  fine  sediment  that  silted  up  hollows  in  the  great 
hanks  of  coarse  shingle,  may  be  noticed  at  the  south  end  of  tlie  Island  of 
Kerrera,  on  at  least  two  horizons  which  are  separated  from  each  other  by 
thick  masses  of  conglomerate  and  fine  felspathic  grit.  We  may  infer, 
therefore,  that  the  fine  littoral  mud,  which  gathered  during  pauses  in  the 
heaping  up  of  tlie  coarse  gravel  and  shingle,  was  occasionally  laid  drj^. 
Similar  strata  may  he  observed  behind  Oban,  where  the  alternation  of 
exceedingly  fine  sediment  and  granular  ashy  bands  is  well  exhiliited. 

But  the  explosions  that  gave  rise  to  the  volcanic  materLiIs  so  lai^ely 
represented  in  these  lower  conglomerates,  were  merely  preliminarj'  to  those 
which  led  to  the  outflow  of 
the  great  sheets  of  hiva  that 
now  constitute  so  large  a  part 
of  the  hills  of  Ixuiie.  In  the 
few  traverses  whicii  I  ha^e 
made  across  dift'ei-ent  parts  of 
tliis  district  I  fiave  noted  the 
general  I'esemblance  of  tlie 
lavas  to  those  of  the  Lower 
OU!  Red  Sandstone  of  the 
Lora,  nortii  Midland  Valley  of  Scotland, 
their  bedded  character,  and 
the  occurrence  of  occasional 
layers  of  stratified  material 
between  them.  The  pi-ominent  features  of  these  ivx'ks,  and  their  relation  to 
the  volcanic  conglomerates  below  them,  and  to  tlie  underlying  slates  and 
sehbts  are  well  displayed  on  Beinn  Loi-a  at  the  mouth  of  I^ch  Etive  (Fig. 
100).  There  the  black  slates  of  the  district  are  uncouformably  covered  by 
the  coarse  volcanic  conglomerate,  formed  chiefly  of  blocks  of  andesite, 
cemented  in  a  hard  matrix  of  similar  composition.  Aliout  150  or  200  feet 
of  this  material  imderlie  the  great  escarpment  of  the  la\as,  which  here  lise 
in  successive  beds  to  the  top  of  the  hill,  1000  feet  alwve  its  base. 

On  the  south  side  of  Loch  Etive  the  base  of  the  \'olcitnic  series,  with  its 
underlying  conglomerat*,  may  be  followed  westward  to  Oban  and  thence 
southward  to  Loch  Feochan.  The  lavas  cover  most  of  the  ground  from  the 
western  shore  eastwards  to  near  Ix>ch  Awe.  But  this  area  is  still  very 
imperfectly  known.     The   Geological  Survey,  however,  has  now  advanced 


Fid.  100.— Swtioii  of  lBVa-eKiir|jiii<^iJt 

side  of  luoiitli  of  Loch  Etive,  Arg>ll«liir«. 
1.  PlijtllW;  2.  Tlilckcoiiitloini'ntf;  S.  Succ(n>lve  i>l 
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to  this  part  of  the  country,  so  that  we  shall  before  long  be  in  possession 
of  more  detailed  information  regarding  the  character  and  sequence  of  its 
volcanic  history  and  the  geological  age  of  the  eruptions. 

Mr.  H.  Kynaston,  who  has  begun  the  mapping  of  the  eastern  portion 
of  the  district,  finds  that  there,  as  further  west,  the  bottom  of  the  volcanic 
series  is  generally  a  breccia  or  conglomerate.  He  has  met  with  two  leading 
types  among  the  lavas,  the  more  abundant  being  strongly  vesicular,  the 
other  more  compact.  He  has  observed  also  numerous  dykes  and  sills  of 
intrusive  porphyrite,  trending  in  a  general  KN.E.  and  S.S.AV.  direction,  and 
pointing  towards  the  great  granite  mass  of  Ben  Cruachan.^ 

Mr.  E.  G.  Symes  has  traced  the  volcanic  series  to  the  north  and  south 
of  Oban.  While  visiting  with  him  part  of  his  ground,  I  was  much  struck 
with  the  evidence  of  an  intrusive  mass  at  the  base  of  the  volcanic  series  in 
the  Sound  of  Kerrera.  A  prominent  feature  on  the  east  side  of  the  channel, 
known  as  Dun  Uabairtich  and  270  feet  high,  consists  of  andesite  which 
appears  to  combine  both  a  central  boss  and  a  sill.  The  rock  breaks  through 
the  black  slates  and  the  overlying  conglomerates  and  sandstones,  and  has 
wedged  itself  into  the  unconformable  junction  between  the  two  formations. 
It  is  beautifully  coliminar  on  its  sea-covered  face,  some  of  the  columns 
being  120  feet  or  more  in  length,  and  gently  curved. 

"  LAKE    ORCADIE  " 

We  now  cross  the  whole  breadth  of  the  Scottish  Highlands  in  order  to 
peruse  the  records  of  another  of  the  great  detached  water-basins  of  the  Old 
Eed  Sandstone,  which  for  the  sjike  of  brevity  of  reference  I  have  named  and 
described  as  "  Lake  Orcadie  "  (Map  1.).  This  area  has  its  southern  limits 
along  the  base  of  the  hills  that  enclose  the  wide  Moray  Firth.  It  spreads 
northward  over  the  Orkney  and  much  of  the  Shetland  Islands,  but  its  bound- 
aries in  that  direction  are  lost  under  the  sea.  In  the  extensive  sheet  of 
water  which  spread  over  all  that  northern  region  the  peculiar  Caithness  Flags, 
with  their  associated  sandstones  and  conglomerates,  were  deposited  to  a  total 
depth  of  16,000  feet.  A  sigillaroid  and  lycopodiaceous  vegetation  flourished 
on  the  surrounding  land,  together  with  ferns,  PsiUrphytoii  and  conifers.  The 
waters  teemed  with  fishes  of  which  many  genera  and  species  have  now 
lx»en  described.  The  remains  of  these  creatures  lie  crowded  upon  etich 
other  in  the  flagstones  in  such  a  manner  iis  to  indicate  that  from  time  to 
time  vast  quantities  of  fish  were  suddenly  killed.  Xot  imiH)Ssibly,  these 
destructions  may  have  l>een  connected  with  the  volcanic  activity  wjiich  has 
now  to  be  descril)ed. 

In  the  year  1878  I  called  attention  to  the  evidence  for  the  existence  of 
contemporaneous  volcanic  rocks  in  the  Old  Eed  Sandstone  north  of  the  range 
of  the  Grampians,  and  specially  noted  three  localities  where  this  evidence 
could  be  seen — Strathbogie,  Buckie  and  Shetland."     Since  that  time  Messrs. 

*  Ann,  Heport  Geol,  Sun\  (1895),  \k  29  of  reprint. 
^  Trans.  Roy.  Soe.  Edin.  xxviii.  (1878). 
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B.  N.  Peach  and  J.  Home  have  added  a  fourth  centre  in  the  Orkney  Islands. 
At  present,  therefore,  we  are  acquamted  with  the  records  of  four  separate 
groups  of  volcanic  vents  in  Lake  Orcadie. 

The  southern  margin  of  this  water-basin  appears  to  have  indented  the 
land  with  long  fjord-like  inlets.  One  of  these  now  forms  the  vale  of  Strath- 
bogie,  which  runs  into  the  hills  for  a  distance  of  fully  20  miles  beyond 
what  seems  to  have  been  the  general  trend  of  the  coast-line.  In  this  valley  I 
found  a  bed  of  dark  vesicular  diabase  intercalated  among  the  red  sandstones 
and  high  above  the  base  of  the  formation,  as  exposed  on  the  west  side  of  the 
valley  near  Burn  of  Craig.  On  the  east  side  a  similar  band  has  since  been 
mapped  for  the  Geological  Survey  by  Mr.  L.  Hinxman  who  has  traced  it 
for  some  miles  down  the  Strath.^  This  latter  band,  as  showTi  in  Fig.  101, 
lies  not  far  above  the  bottom  of  the  Old  Eed  Sandstone  of  this  district,  and  is 
thus  probably  distinct  from  the  Craig  outcrop.  There  would  thus  appear  to 
be  evidence  of  two  separate  outflows  of  basic  lava  in  this  fjord  of  the  Old 
Red  Sandstone  period. 

No  vestige  has  here  been  found  of  any  vent,  nor  is  the  lava  accompanied 
with  tuff.     The  eruptions  took  place  some  time  after  the  earlier  sediments 
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Fig.  101. — Section  across  Strathbogie,  below  Rhyiiie,  showing  the  position  of  the  volcanic  band. 

I.  Knotte<I  schists ;  2.  Diorite  intrusive  in  schistH ;  3.  Old  Re<l  Conglomerate ;  4.  Volcanic  hand  ;  5.  Shales  with 
calcareous  nodules ;  »i.  Sandstones  of  Rhynie ;  7.  Shales  and  r«an<lstoi>es.  /,  Fault. 


of  the  basin  were  accumulated,  but  ceased  before  the  thick  mass  of  upper 
sandstones  and  shales  was  deposited.  A  section  across  the  valley  gives  the 
structure  represented  in  the  accompanying  diagram  (Fig.  101). 

Twenty- five  miles  further  north  a  still  smaller  andesite  band  has  been 
detected  by  Mr.  J.  Grant  Wilson  among  the  sandstones  and  conglomerates 
near  Buckie.^  It  is  a  truly  contemporaneous  flow,  for  pebbles  of  it  occur  in 
the  overlying  strata.  But  again  it  forms  only  a  solitary  bed,  and  no  trace 
of  any  accompanying  tuff  has  been  met  with,  nor  of  the  vent  from  which  it 
came.  Both  this  vent  and  that  of  Strathbogie  must  have  been  situated  near 
the  southern  coast-line  of  the  lake. 

At  a  distance  of  some  90  miles  northward  from  these  Moray  Firth 
vents  another  volcanic  district  lies  in  the  very  heiirt  of  the  Orkney  Islands.^ 
The  lavas  which  were  there  ejected  occur  at  the  south-eastern  corner 
of  the  island  of  Shapinshay,  where  they  are  regularly  bedded  with 
the  flagstones.     They  consist  of  dark   green   olivine-dial)ases   with   highly 

^  See  Sheet  76  of  the  Geological  Survey  of  Scotland. 

*  See  Sheet  95  of  the  Geological  Survey  of  Scotland  and  Trans.  Ron.  Soc.  Edin.  vol.  xxviii. 
(1878),  p.  435. 

'  Messrs.  B.  N.  Peach  and  J.  Home,  Proc.  Roy.  Phys.  Soc.  Edin.  vol.  v.  (1879),  p.  80. 
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amygdaloidal  and  vesicular  upper  surfacea  Their  thickness  cannot  be 
ascertained,  as  their  base  is  not  seen,  but  they  have  been  cut  by  the 
sea  into  trenches  which  show  them  to  exceed  30  feet  in  depth.  Tlie 
position  of  the  vent  from  which  tliey  came  has  not  been  ascertained. 
Neither  here  nor  in  the  Moray  Firth  area  do  any  sills  accompany  the 
interbedded  sheets,  and  in  both  cases  the  volcanic  action  would  seem  to  have 
been  of  a  feeble  and  short-lived  character. 

Much  more  important  were  the  volcanoes  that  broke  out  nearly 
100  miles  still  further  north,  where  the  Mainland  of  Slietland  now 
lies.  I  shall  never  forget  the  pleasure  with  which  I  first  recognized  the 
traces  of  these  eruptions,  and  found  near  the  most  northerly  limits  of  the 
British  Isles  proofs  of  volcanic  activity  in  the  Lower  Old  Red  Sandstone. 
Since  my  observations  were  published,^  Mr.  Peach,  who  accompanied  me  in 
Shetland,  has  returned  to  the  district,  and,  in  concert  with  his  colleague 
Mr.  Home,  lias  extended  our  knowledge  of  the  subject.^  The  chief  vent  or 
vents  lay  towards  the  west  and  north-west  of  the  Mainland  and  North 
Mavine ;  others  of  a  less  active  and  persistent  type  were  blown  out  some 
25  miles  to  the  east,  where  the  islands  of  Ikessay  and  Noss  now 
stand.  In  the  western  district  streams  of  slaggy  andesite  and  diabase  with 
sliowers  of  fine  tuflf  and  coarse  agglomerate  were  ejected,  until  the  total 
accumulation  rejiched  a  thickness  of  not  less  than  500  feet.  The  volcanic 
eruptions  took  place  contemporaneously  with  the  deposition  of  the  red  sand- 
stones, for  the  lavas  and  tuffs  are  intercalated  in  these  strata.  The  lavas 
and  volcanic  conglomerates  are  traceable  from  the  southern  coast  of  Papa 
Stour  across  St.  Magnus'  Bay  to  the  western  headlands  of  Esha  Ness,  a 
distance  of  more  than  14  miles.  They  have  been  cut  by  the  Atlantic 
into  a  picturesque  range  of  cliffs,  which  exhibit  in  some  places,  as  at  the 
singular  sea-stalk  of  Doreholm,  rough  banks  of  andesitic  lava  with  the 
conglomerate  deposited  against  and  over  them,  and  in  other  places,  as 
along  the  cliffs  of  Esha  Ness,  sheets  of  lava  overlying  the  conglomerates. 

No  trace  of  any  vents  has  been  found  in  the  western  and  chief  volcanic 
district,  but  in  Noss  Sound  a  group  of  small  necks  occurs,  filled  with  a  coarse 
agglomemte  composed  of  pieces  of  sandstone,  flagstone  and  shale.  Messrs. 
Peach  and  Home  infer  that  these  little  orifices  never  discharged  any  streams 
of  lava.  More  probably  they  were  opened  by  explosions  which  only  gave 
forth  vapours  and  fragmentary  discharges,  such  as  a  Ijand  of  tuff  which  is 
intercalated  among  the  flagstones  in  their  neighbourhood. 

But  one  of  the  most  striking  features  of  the  volciinic  phenomena  of  this 
remote  region  is  the  relative  size  and  number  of  the  sills  and  dykes  which 
here  as  elsewhere  mark  the  latest  phases  of  subteminean  activity.  Messrs. 
IViich  and  Home  have  shown  us  that  three  grent  sheets  of  acid  rocks 
(gianites  and  spherulitic  felsites,  to  which  reference  luis  already  l)een  made, 
p.  292)  have  l>een  injected  among  the  stindstones  and  l)asic  lavas,  that 
abundant  veins  of  granite,  ([uartz-felsite  and  rhyolite  radiate  from  these 
acid  sills,  and  that  the  latest  phase  of  igneous  action  in  this  region  was  the 

>   Tram,  Rmj,  Hoc,  Edin.  vol.  xxviii.  (1878),  p.  418.  «  Ihid.  vol.  xxxii.  (1884),  p.  359. 


CHAPTER  XXII 

VOLCANOES    OF   THE    UPPER    OLD    RED    SANDSTONE — THE    SOUTH-WEST    OF 

IRELAND,  THE    NORTH    OF    SCOTLAND 

In  the  northern  half  of  Britain,  wliere  the  Old  Eecl  Sandstone  is  so  well 
tlisplayed,  the  two  great  divisions  into  which  this  series  of  sedimentary 
deposits  is  there  divisible  are  separated  from  each  otlier  by  a  strongly  marked 
unconformability.  Tlie  interval  of  time  represented  l)y  this  hresk  must 
have  been  of  long  duration,  for  it  witnessed  the  effacement  of  the  old 
water-btisins,  the  folding,  fracture,  and  elevation  of  their  tliick  sedimentary 
and  volcanic  accumulations,  and  the  removal  l)y  denudation  of,  in  some 
places,  several  thousand  feet  of  these  rocks.  The  Upper  Old  Eed  Sand- 
stone, consisting  so  largely  as  it  does  of  red' sandstones  and  conglomerates, 
indicates  the  return  or  persistence  of-  geographical  conditions  not  unlike 
those  that  marked  the  deposition  of  the  lower  subdivision.  But  in  one 
important  respect  its  history  differs  greatly  from  that  which  I  have 
sketched  for  the  older  part  of  the  system.  Though  the  Upper  Old  Red 
Sandstone  is  well  developed  across  the  southern  districts  of  Scotland  from 
the  Ochil  to  the  Cheviot  Hills,  and  appeal's  in  scattered  areas  over  so  much 
of  England  and  Wales,  no  trace  has  ever  l)een  there  detected  in  it  of  any 
contemporaneously  erupted  volcanic  r<x*ks.  The  topographical  changes 
which  preceded  its  deposition  must  have  involved  no  inconsiderable 
amount  of  subterranean  disturbance,  yet  the  volcanic  energy,  which  had 
died  out  so  completely  long  before  the  close  of  the  time  of  the  Lower  Old 
Eed  Sandstone,  does  not  appear  to  have  been  rekindled  until  tlie  beginning 
of  the  Carboniferous  period. 

Two  widely  separated  tracts  in  the  Britisli  Isles  have  yielded  traces  of 
contemporaneous  volcanic  rocks  in  the  Upper  Old  Eed  Sand^one.  One 
of  these  lies  in  the  south-west  of  Ireland,  the  other  in  tlie  far  north  of 
Scotland. 


THE    SOUTH-WEST    OF    IRELAND 


The  Irish  locality  is  situated  a  few  miles  to  the  south  of  the  town  of 
Limerick,  where  the  Carboniferous  Limestone  lias  been  thrown  into  long 
folds,  and  where,  along  the  anticlines,  strips  of  the  underlying  red  sandstones 
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have  been  brought  up  to  the  surface.  Two  such  ridges  of  Upper  Old  Eed 
Sandstone  bear,  each  on  its  crest,  a  small  but  interesting  i*elic  of  volcanic 
activity  ^  (Map  I.). 

The  more  northerly  ridge  rises  in  the  conical  eminence  of  Knock- 
feerina  to  a  height  of  949  feet  above  tlie  sea.  Even  from  a  distance  the 
resemblance  of  this  hill  (Fig.  102)  to  many  of  the  Carboniferous  necks  of 
Scotland  at  once  attracts  the  eye  of  the  geologist.  The  resemblance  is 
found  to  hold  still  more  closely  when  the  internal  structure  of  tlie  ground  is 
examined.  The  cone  consists  mainly  of  a  coarse  agglomerate,  with  blocks 
generally  somewhat  rounded  and  varying  in  size  up  to  two  feet  in  length.  The 
most  prominent  of  these,  on  the  lower  eastern  slopes,  are  pieces  of  a  line  flinty 
felsite  weathering  white,  but  there  also  occur  fragments  of  grit  and  baked 
shale.     The  matrix  is  dull-green  in  colour,  and  among  its  ingredients  are 


^/     V   A'^.. 


Fig.  102. — View  of  Knockfeeriua,  Limerick,  from  the  uorth-east — a  volcanic  neck  of 

Tpper  01(1  Ke<l  Sandstone  age. 


abundant  small  lapilli  of  a  finely  vesicular  andesite  or  dialjase.  Tliese 
more  basic  ingredients  increase  in  number  towards  the  top  of  the 
eminence,  where  much  of  the  agglomerate  is  almost  wholly  made  up  of 
them.  No  marked  dip  is  observable  over  most  of  the  hill,  the  rock  appear- 
ing as  a  timiultuous  agglomerate,  though  here  and  there,  particularly  near 
the  top  and  on  the  south  side,  a  rude  bedding  may  l>e  detected  dii)ping 
outwards.  On  the  west  side  the  agglomerate  is  flanked  with  yellow  sand- 
stone baked  into  quartzite,  so  that  the  line  of  junction  there  between  the 
two  rocks  not  improbably  gives  ua  the  actual  wall  of  the  vent.  The 
induration  of  the  surrounding  sandstones  is  a  familiar  feature  among  the 
Carboniferous  vents.  Some  intrusive  dark  flinty  rock  traverses  the  agglom- 
erate near  the  top  on  the  north  side. 

Eetiring  eastwards  from  the  cone,  the  observer  flnd«  evidence  of  the 
intercalation  of  tuff  among  the  surrounding  Upper  Old  Ked  Sandstone.  At 
the  east  end  of  the  village  of  Knockfeerina  a  red  nodular  tul!*,  with  rounded 
pieces  of  andesite,  grit  and  sandstone,  sometimes  12  inches  long,  is  seen 
to  dip  under  yellow,  grey  and  rt»d  sandstones  and  shales,  while  other  shales 

^  See  3heot  151$  of  the  Geological  Survey  of  Ireland,  and  Explauatiou  to  that  Sheet  (1861),  by 
Messrs.  G.  H.  Kinahan  and  J.  O'Kelly.  The  account  of  the  ground  above  given  is  from  notes 
which  I  made  during  a  personal  visit. 
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and  Siindstones  underlie  this  tuff  and  crop  out  between  it  and  the  agglom- 
erate. Tliere  is  thus  evidence  of  the  intercalation  of  volcanic  tuff  in  the 
Upper  Old  Eed  Sandstone  of  this  district.  And  there  seems  no  reason  to 
doubt  that  the  tuff  was  ejected  from  the  adjoining  vent  of  Knockfeerina. 

On  the  next  ridge  of  Old  Red  Sandstone,  which  runs  parallel  to  that  of 
Knockfeerina  at  a  distance  of  little  more  than  a  mile  to  the  south,  another 
mass  of  volcanic  material  rises  into  a  prominence  at  Ballinleeny.  On  the 
north  side  it  consists  of  agglomerate  like  that  just  described,  and  is 
flanked  by  sandstone  baked  into  quartzite.  Here  again  we  probably  see 
the  edge  of  a  volcanic  funnel.  Thei^e  may  possibly  be  more  than  one  vent 
in  this  area.  But  well -bedded  tuffs  can  be  observed  to  dip  away  from 
the  centre  and  to  pass  under  sandstones  and  shales  which  are  full  of 
fine  ashy  material.  Gradations  can  be  traced  from  the  tuff  into  ordinary 
sediment.  In  this  instance,  therefore,  there  is  additional  j)roof  of  contem- 
poraneous volcanic  action  in  the  Upper  Old  Red  Sandstone.  There  can  be 
no  uncertainty  as  to  the  horizon  of  the  strata  in  which  these  records  have 
been  preserved,  for  they  dip  conformably  under  tlie  shales  and  limestones 
at  the  base  of  the  Carboniferous  Limestone  series.  They  are  said  to  have 
yielded  the  characteristic  fern  Palccoptcris  of  Kiltorcan.^ 


THE    NORTH    OF    SCOTLAND 

The  only  district  in  England  or  Scotland  wherein  traces  of  volcanic 
action  during  the  time  of  the  Upper  Old  Red  Sandstone  liave  been  ob- 
sei'ved  lies  far  to  the  north  among  the  Orkney  Islands,  near  the  centre  of 
the  scattered  outliers  which  I  have  united  as  parts  of  the  deposits  of  "  Lake 
Orcadie  "  ^  (Map  I.).  The  thick  group  of  yellow  and  red  sandstones  which 
form  most  of  the  high  island  of  Hoy,  and  which,  there  can  be  little  doubt, 
are  correctly  referred  to  the  Upper  Old  Red  Sandstone,  rest  with  a  marked 
imconformability  on  the  edges  of  the  Caithness  flagstones  (Fig.  103).  At 
the  base  of  these  pale  sandstones,  and  regularly  interstratified  with  them, 
lies  a  band  of  lavas  and  tuffs  which  can  be  traced  from  the  base  of  the 
rounded  hills  to  the  edge  of  the  cliffs  at  the  Cam,  along  the  face  of  which 
it  runs  as  a  conspicuous  feature,  gradually  sloping  to  a  lower  level,  till  it 
reaches  the  sea.  At  the  Cam  of  Hoy  it  is  about  200  feet  thick,  and  con- 
sists of  three  or  more  sheets  of  andesite.  The  upper  5  0  or  60  feet  sliow  a 
strongly  slaggy  structure,  the  central  portion  is  rudely  columnar,  and  the 
lower  part  presents  a  kind  of  horizontal  jointing  or  bedding.  There  can  be 
no  question  that  this  rock  is  not  a  sill  but  a  group  of  contemporaneous  lava- 
flows.     Beneath  it,  and  lying  across  the  edges  of  ^the  flagstones  telow,  there 

^  There  may  be  some  other  examples  of  Upper  Old  Red  Sandstone  volcanic  rocks  in  Ireland 
which  I  have  not  yet  been  able  personally  to  examine.  On  the  maps  of  the  Geological  Survey 
(Sheet  198,  and  Explanation,  pp.  8,  17)  contemporaneous  rocks  of  this  age  are  marked  as 
occurring  at  Cod's  Head  and  Dursey  Island,  on  the  south  side  of  the  mouth  of  the  Kenmare 
estuary. 

*  First  noticed  in  Geol.  May.  February  1878;  and  Trans.  Hoy.  Soc.  Edin.  xxviii.  (1878),  p.  411. 
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103.— Section  of  the  volc«nic  zone  lu  the 
Upper  Old  Red  Snndatoue.  Caiu  of  Hoy, 

iitlm>H  nagitonci:  -i.  Dulliwl  tulT  iiid  buida 


JH  a  zone  of  dull-red,  fine-grained  tuff,  banded  with  seauie  of  hard  red  and 

yellow  sandstone     This  tufT  zone  dies  out  to  the  eastward  of  the  Cam. 
A  few  miles  south  of  the  Cam  the 

volcanic  zone  appears  again  as  the  plat- 
form on  which  the  picturesque  natural 

obelisk  of  the  Old  Man  of  Hoy  stands. 

Here  the  lava  runs  out  as  a  promontory 

from  the  base  of  the  cliff,  and  on  this 

projection  the  Old  Man   has  been  left 

isolated  from  the  main  precipice.     The        ^if 

cliffs  of  Hoy  are  traversed  by  numerous         ^"^^ 

small    Faults   which    have    shifted    the   g 

volcanic  zone.     But  on  the  great  face 

of  rock  behind  the  Old  Man  there  ap- 
pears to  be  a  second  volcanic  zone  lying    ^ 

several   hundred   feet    above    that   just 

described.      It   is   probably   this   upper 

zone   which    emerges    from    under    the 

lulls  a  mile  and  a  lialf  to  the  south  at 

Black    Ness   in    the  bay  of  Eackwick.  Fh 

A  good  section  is  there  visible,  which 

is  represented  in  Fig.  104.    The  oi-dinary  ,_ , 

red  and  yellow  sandstones   (a)   appear 

from  under   the  volcanic  rocks  at  this 

locality,  and  stretch  southwaitls  to  the  most  southerly  headland  of  Hoy, 
The  lowest  volcanic  band  in  the 
section  is  one  of  red  sandy  well- 
lidded  tuffs  (6).  Some  of  the 
layers  are  coarse  and  almost 
agglomeratie,  while  others  are 
fine  marly  and  sandy,  with  dis- 
persed l)orabs,  blocks  and  lapilli 
of  diabase  and  andesite.  Hard 
ribs  of  a  sandy  tufaceous  material 
also  occur.  These  fragmental 
deposits  are  immediately  over- 
lain by  a  dark-blue  rudely  pris- 
matic diabase  with  slagg)'  top 
[c).  It  is  about  150  leet  tliick 
at  its  thickest  part,  but  rapidly 
tliins  away  in  a  westerly  direc- 
tion. It  passes  under  a  zone 
of  i-ed  tnff  id)  like  that  lielow,  ^ 
and  above  this  higliest  meml»er 
of  the  volcanic  group  comes  the 

gi'eat  overlying  pile  of  yellow  and  reddiah  sandstone  of  Hoy.     Followed 
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westward  for  a  short  distance,  the  whole  volcanic  zone  is  found  to  die  out 
and  the  sandstones  below  and  above  it  then  come  together. 

The  interest  of  this  Httle  volcanic  centre  in  Hoy  is  heightened  by 
the  fact  that  the  progress  of  denudation  lias  revealed  some  of  the  vents 
belonging  to  it.  On  the  low  ground  to  the  east  of  the  Cam,  and  immedi- 
ately to  the  nortli  of  the  volcanic  escarpment,  the  flagstones  whicli  there 
emerge  from  under  the  base  of  the  iinconforuiable  upper  sandstones  are 
pierced  by  three  volcanic  necks  wlueli  we  may  with  little  hesitation 
recognize  as  marking  the  sites  of  vents  from  whicli  this  series  of  lavas  and 
tuffs  was  discharged  (Fig.  105).     The  largest  of  them  forms  a  conspicuous 


irmlngthchilliorUoy. 


hill  about  450  feet  high,  the  smallest  is  only  a  few  yards  in  di.tmeter,  and 
rises  from  the  surface  of  a  flagstone  ridge.  They  are  filled  with  a  coai-se, 
dull-green,  volcanic  agglomerate,  made  up  of  fragments  of  the  lavas  with 
pieces  of  hardened  yellow  sandstone  and  flagstone.  Around  the  chief  ^■ent 
the  flagstones  through  which  it  has  been  opened  have  been  greatly  hardened 
and  blistered.  Tlie  most  easterly  vent,  which  has  been  laid  bare  on  the 
beach  at  Bring,  due  east  of  Hoy  Hill,  can  be  seen  to  pierce  the  flagstones, 
which,  although  their  general  dip  is  westerly  at  from  10°  to  15°,  yet  at 
their  junction  with  the  agglomerate  are  bent  in  towards  the  neck,  and  are 
otherwise  much  jumbled  and  disturbed 

On  the  northern  coast  of  Caithness  I  have  described  a  remarkable 
volcanic  vent  about  300  feet  in  diameter,  which  rises  through  the  upper- 
most group  of  the  Caithness  flagstones.  It  is  filled  with  a  coarse 
^glomerate  consisting  of  a  dull-greenish  diabase  paste  erawded  with 
blocks  of  diabase,  sometimes  three  feet  in  diameter,  and  others  of  red 
sandstone,  flagstone,  limestone,  gneiss  and  lumps  of  black  eleavable 
augite  (Kig.  106).'  The  sandstones  around  it  present  tlie  usual  disrujited, 
indurated  and  jointed  character,  and  are  traversed  by  a  small  diabase  dyke 
close  to  the  western  margin  of  the  neck.  Another  similar  neck  has  since 
been   found  by  the  officers  of  the   Geological    Survey   on   the   same   coast. 


ee   Tram.   Roy.  Soc.  Ediit. 
it  of  the  eleavable  augite. 


L,  [1878],  [1.  405;  dao 
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That  th«»e  vokiiiiic  orificeH  were  active  uboiit  tlie  atme  time  with  thone  in 
tlie  opposite  island  of  Hoy  may  lie  legitimately  inferred. 

Tliese  northern  volcanoes  made  their  appearance  in  a  diHtrict  where 
timing  the  preceding  Lower  Ohl  Ked  Sandstone  period  there  had  been 
several  widely  separated  groups  of  active  volcanic  vents.  So  far  as  the 
fnigmentary  nature  of  the   gtiological   evidence  jwrmits  aii  opinion   to  be 


Fig.  100.— Un>iiiiil-)>lnn  i>r  voli 


formed,  they  aeeni  to  have  biiiken  out  at  tlie  Ix'ginning,  or  iit  least  at  au 
early  stage,  of  the  de^ioRition  of  the  Upper  Old  Reil  Sandstone,  mid  to  liave 
become  entiivly  extinct  after  the  lavas  of  Hoy  were  (loured  forth.  No 
higlier  platform  of  volcanic  nuiterials  has  lieen  met  witli  in  tliat  region. 
\\'ith  these  brief  and  limited  Oi-cadian  exphwions  the  long  i-ecord  of  Old 
Ewl  Sandstone  volcanic  activity  in  tlie  area  of  the  Itritisli  Isles  comes  to 
iin  end.' 


'  Tlicri!  apponr  tu  Im> 
ijlantlHtun?  of  Brrn'ivkxhi) 
Carbonircrou]!  timi-,  thi-y  art'  included 
uliirc  ill  L-ha|it«r>i  xxiv.  ai 


otcaiiir 
they  II IV 


Tvi]iticins  couti'in[iorHni'oiiii  with  the  Ujiiwr  Old  Bed 
ely  formed  a  Jirelildv  to  the  ffroat  volrainc  activity  of 
i;  acuouut  of  til?  L'arlionif.'rons  iilntt-mi  "f  Uerwick-- 
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CHAPTER   XXIII 

THE    CARBONIFEROUS    SYSTEM    OF    BRITAIN    AND    ITS    VOLCANIC    RECORDS 

Geography  and  Scenery  of  the  Carboniferous  Period — Range  of  Volcanic  Eruptions  during 
that  time — I.  The  Carboniferous  Volcanoes  of  Scotland — Distribution,  Arrangement 
and  Local  Characters  of  the  Carboniferous  System  in  Scotland — Sketch  of  the  Work 
of  previous  Observers  in  this  Subject. 

Within  the  area  of  the  British  Isles,  the  geological  record  is  compara- 
tively full  and  continuous  from  the  base  of  the  Upper  Old  lied  Sandstone 
to  the  top  of  the  Coal-measures.  We  learn  from  it  that  the  local  basins  of 
deposit  in  which  the  later  portion  of  the  Old  Ked  Sandstone  was  accumulated 
sank  steadily  in  a  wide  general  subsidence,  that  allowed  the  clear  sea  of  the 
Carboniferous  Limestone  ultimately  to  spread  for  some  700  miles  from  the 
west  coast  of  Ireland  into  Westphalia.  Over  the  centre  of  England  this 
Carboniferous  Mediterranean  had  a  breadth  of  at  least  150  miles,  gradually 
shallowing  northwards  in  the  direction  of  land  in  Scotland  and  Northern 
Ireland.  The  gentle  sinking  of  the  floor  of  the  basin  continued  until  more 
than  6000  feet  of  sediment,  chiefly  composed  of  the  remains  of  crinoida, 
corals  and  other  marine  organisms,  had  been  piled  up  in  the  deeper  parts. 
Traces  of  the  southern  margin  of  this  sea,  or  at  least  of  a  long  insular 
ridge  that  rose  out  of  its  waters,  are  to  be  seen  in  the  pix)tuberance8 
of  older  rocks  which  appear  at  inter\'als  from  under  the  Coal-measures 
and  later  formations  between  the  1  Murders  of  Wales  and  the  heart  of 
Leicestershire,  and  of  which  the  crags  of  Charnwood  Forest  are  among  the 
few  peaks  that  still  remain  visible.  To  the  south  of  this  ridge,  open  sea 
extended  far  soutliward  and  westward  over  the  site  of  the  Mendip  Hills  and 
the  uplands  of  South  Wales. 

The  Carboniferous  period,  as  chronicled  by  its  sedimentary  deposits,  was 
a  time  of  slow  submergence  and  quiet  sedimentation,  terrestrial  and  marine 
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conditions  alternating  along  the  margins  of  the  sinking  land,  according  as 
the  rate  of  depression  surpassed  or  fell  short  of  that  of  the  deposition    of 
sediment.     There  is  no  trace  of  any  general  disturbance  among  the   strata, 
such  as  would  be  marked  by  an  important  and  widely  extended   uncon- 
formability.      But   many   indications  may  be    observed    that    the    rate    of 
subsidence  did  not  continue  uniform,  if,  indeed,  the  downward  movement 
was  not  locally  arrested,  and  even  exchanged  for  a  movement  in  the  opposite 
direction.      It  is  difficult,  for  instance,  to  believe  the  ancient  ridge  of  the 
Midlands  to  have  l)een  so  lofty  that  even  the  prolonged  subsidence  required 
for  the  accumulation  of  the  whole  Carboniferous  system  was  insufficient  to 
carry  its  highest  crests  below  the  level  of  the  coal-jungles.     More  probably 
the  depression  reached  its  maximum  along  certain  lines  or  bands  running  in 
a  general  north-easterly  direction,  the  intervals  between  these  lines   sinking 
less,  or  possibly  even  undergoing  some  measure  of  uplift.      One  of  the  sub- 
siding tracts,  that  of  the  wude  lowlands  of  Central  Scotland,  was  flanked  on 
the  south  by  a  ridge  which,  while  its  north-eastern  portion  was  buried  under 
the  Upper  Old  Eed   Sandstone  and  Lower  Carboniferous  rocks,  remained 
above  water  towards  the  south-west,  and   does  not  appe<ar  to  have   been 
wholly  submerged  there  even  at  the  close  of  the  Carboniferous  period. 

So  abundant  and  varied  are  the  sedimentary  formations  of  Carboniferous 
time,  and  so  fully  have  they  preserved  remains  of  the  contemporary  plants 
and  animals,  that  it  is  not  difficult  to  realise  in  some  measure  the  general 
aspect  of  the  scenery  of  the  time,  and  the  succession  of  changes  which  it  ' 
underwent  from  the  beginning  to  the  end  of  the  period.  The  land  was 
green  with  a  luxuriant  if  somewliat  monotonous  vegetation.  Large  pine 
trees  flourished  on  the  drier  uplands.  The  lower  grounds  nourished  dense 
groves  of  cycads  or  plants  allied  to  them,  which  rose  as  slim  trees  twenty  or 
thirty  feet  high,  with  long  hard  green  leaves  and  catkins  that  grew  into 
berries.  The  swamps  and  wetter  lands  l>ore  a  rank  growth  of  various  gigantic 
kinds  of  club-moss,  equisetaceous  reeds  and  ferns. 

Nor  was  the  hum  of  insect-life  absent  from  these  forests.  Ancestral 
types  of  cockroaches,  mayflies  and  beetles  lived  there.  Scorpions  swarmed 
along  the  margins  of  the  shallow  waters,  for  their  remains,  washed  away 
with  the  decayed  vegetation  among  which  tliey  harboured,  are  now  found 
in  abundance  throughout  many  of  the  dark  shales. 

The  waters  were  haunted  by  numerous  kinds  of  fish  quite  distinct  from 
those  of  the  Old  Red  Sandstone.  In  the  lagoons,  shoals  of  small  ganoids 
lived  on  the  cyprids  that  peopled  the  bottom,  and  they  were  in  turn  preyed 
on  by  larger  ganoids  with  massive  armature  of  bone.  Now  and  then  a 
shark  from  tlie  opener  sea  would  find  its  way  into  these  more  inland  waters. 
The  highest  types  of  animal  life  yet  known  to  have  existed  at  this  time  were 
various  amphibians  of  the  extinct  order  of  Labyrinthodonts. 

The  open  sea,  too,  teemed  with  life.  Wide  tracts  of  its  floor  supported 
a  thick  growth  of  crinoids  whose  jointed  stems,  piled  over  each  other 
generation  after  generation,  grew  into  masses  of  limestone  many  hundreds 
of  feet  in  thickness.      Corals  of  various  kinds  lived  singly  and  in  colonies, 


CHAP,  xxiii         THE  CARBONIFEROUS  PERIOD  IN  BRITAIN  357 


here  and  there  even  growing  into  reefs.  Foraniinifera,  sponges,  sea-urchins, 
brachiopods,  gasteropods,  laniellihranehs  and  cephalopods,  in  many  geneni 
and  species,  mingled  their  remains  with  the  dead  crinoids  and  corals  to 
furnish  materials  for  the  wide  and  thick  accumulation  of  Carboniferous 
Limestone. 

looking  broadly  at  the  history  of  the  Carboniferous  period,  and  1  rearing 
in  mind  the  evidence  of  prolonged  depression  already  referred  to,  we  can 
recognize  in  it  three  great  eras.  During  the  fii-st,  the  wide  clear  sea  of  the 
Carboniferous  Limestone  spread  over  the  centre  and  south  of  ]>ritain,  inter- 
rupted here  and  there  by  islands  that  rose  from  long  ridges  whereby  the  sea- 
floor  was  divided  into  separate  basins.  Next  came  a  time  of  lessened 
depression,  when  the  sea-bottom  was  overspread  with  sand,  mud  and  gravel, 
and  was  even  in  part  silted  up,  as  has  been  chronicled  in  the  Millstone 
Grit.  The  third  stage  brings  before  us  the  jungles  of  the  Coal-measures, 
when  the  former  sea-floor  became  a  series  of  shallow  lagoons  where,  as  in 
the  mangrove-swamps  of  our  own  time,  a  terrestrial  vegetation  sprang  up 
and  mingled  its  remains  with  those  of  marine  shells  and  flshes. 

Such  a  state  of  balance  among  the  geological  forces  as  is  indicated  by 
the  stratigraphy  of  the  Carboniferous  system  would  not  prepare  us  for  the 
discovery  of  the  relics  of  any  serious  display  of  contemporary  volcanic 
activity.  And,  indeed,  throughout  the  Carboniferous  rocks  of  Western 
Europe  there  is  for  the  most  part  little  trace  of  contemporaneous  volcanic 
eruptions.  Yet  striking  evidence  exists  that,  along  the  western  l^orders  of 
the  continental  area,  in  France  as  well  as  over  much  of  Britain,  which  had 
for  so  many  previous  geological  ages  been  the  theatre  of  subterranean  activity, 
tlie  older  half  of  Carboniferous  time  witnessed  an  al;>undant,  though  less 
stupendous  and  prolonged,  renewal  of  volcanic  energy. 

From  the  very  commencement  of  the  Carboniferous  period  to  the  epoch 
when  the  Coal-measures  1)egan  to  be  accumulated,  the  area  of  the  Britisli 
Isles  continued  to  be  a  scene  of  active  volcanism.  In  the  course  of  that 
prolonged  interval  of  geological  time  the  vents  shifted  their  positions, 
and  gradually  grew  less  energetic,  l)ut  there  does  not  appear  to  have  l)een 
any  protracted  section  of  the  interval  when  the  subterranean  activity  ])ecame 
everywhere  entirely  (quiescent. 

The  geologist  who  traces,  from  older  to  younger  formations,  the  progress 
of  some  persistent  operation  of  nature,  observes  the  evidence  gradually  to 
increase  in  amount  and  clearness  as  it  is  furnished  by  successively  later 
parts  of  the  record.  He  flnds  that  the  older  rocks  have  generally  been  so 
dislocated  and  folded,  and  are  often  so  widely  covered  by  younger  formations, 
that  the  evidence  which  they  no  doubt  actually  contain  may  be  ditticult  to 
decipher,  or  may  be  altogether  concealed  from  view.  In  following,  for 
instance,  the  progress  of  volcanic  action,  he  is  impressed,  as  he  passes  from 
the  older  to  the  younger  Paheozoic  clironicles,  by  the  striking  contrast 
between  the  fulness  and  le^ibilitv  of  the  Carboniferous  records  and  the 
comparative  nieagreness  and  obscurity  of  those  of  the  earlier  periods.  The 
Carboniferous  rocks  have  undergone  far  less  disturbance  than  the  Cambrian 
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and  Silurian  formations ;  while  over  wide  tracts,  where  their  volcanic 
chapters  are  fiUlest  and  most  interesting,  they  lie  at  the  surface,  and  can 
thus  be  subjected  to  the  closest  scrutiny.  Hence  the  remains  of  the 
volcanic  phenomena  of  the  later  Palaeozoic  periods  present  a  curiously 
modem  aspect,  when  contrasted  with  the  fragmentary  and  antique  look  of 
those  of  older  date. 

The  history  of  volcanic  action  during  the  Carboniferous  period  in  Britain 
is  almost  wholly  comprised  in  the  records  of  the  earlier  half  of  that  period, 
that  is,  during  the  long  interval  represented  by  the  Carboniferous  Limestone 
series  and  the  Millstone  Grit.  It  was  chiefly  in  the  northern  part  of  the 
region  that  volcanic  activity  manifested  itself  In  Scotland  there  is  the 
chronicle  of  a  long  succession  of  eruptions  across  the  district  of  the  central 
and  southern  counties,  from  the  very  beginning  of  Carboniferous  time  down 
to  the  epoch  when  the  Coal-measures  began  to  be  accumulated.  In  England, 
on  the  other  hand,  the  traces  of  Carboniferous  volcanoes  are  confined  within 
a  limited  range  in  the  Carboniferous  Limestone,  while  in  Ireland  they  appear 
to  be  likewise  restricted  to  the  same  lower  division  of  the  system.  During 
the  whole  of  the  vast  interval  represented  by  the  Coal-measures  volcanic 
energy,  so  far  as  at  present  known,  was  entirely  dormant  over  the  region  of 
the  British  Isles. 

These  general  statements  will  be  more  clearly  grasped  from  the  accom- 
panying table,  which  shows  the  various  sections  into  which  the  Carboniferous 
system  of  Britain  has  been  divided,  and  also,  by  black  vertical  lines,  the 
range  of  volcanic  intercalations  in  each  of  the  three  kingdoms. 
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Such  being  the  general  range  in  tune  of  the  Carboniferous  volcanic 
phenomena,  it  may  be  convenient,  in  this  preliminary  survey,  to  take  note  of 
the  general  distribution  of  the  volcanic  districts  over  the  British  Isles,  as  in 
this  way  we  may  best  realise  the  extent  and  grouping  of  the  eruptions, 
which  will  then  be  considered  in  further  detail  (see  Map  I.). 
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Not  only  were  the  Carboniferous  volcanoes  most  abundant  and  persistent 
in  Scotland,  but  they  attained  there  a  variety  and  development  which  give 
their  remains  an  altogether  exceptional  interest  in  the  study  of  volcanic 
geology.  They  were  distributed  over  the  wide  central  valley,  from  the 
south  of  Cantyre  to  beyond  the  mouth  of  the  estuary  of  the  Forth.  On  the 
southern  side  of  the  Silurian  Uplands,  they  were  likewise  numerous  and 
active.  There  is  thus  no  considerable  tract  of  Ix)wer  Carboniferous  rocks  in 
Scotland  which  does  not  furnish  its  evidence  of  contemporaneous  volcanic 
action. 

Although  some  portions  of  tlie  Scottish  Carl:)oniferous  igneous  rocks 
run  for  a  short  distance  into  England,  it  is  remarkable  that,  when  these 
at  last  die  out  southwards,  no  other  relics  of  contemporaneous  volcanic 
energy  take  their  place.  Along  the  Pennine  chain,  from  the  Border  into 
the  heart  of  England,  though  natural  sections  are  a]>undant,  no  trace  of 
included  volcanic  rocks  appears  until  we  reach  Derbyshire.  The  whole 
of  that  wide  interv^al  of  150  miles,  so  far  as  the  present  evidence  goes, 
remained  during  Carboniferous  time  entirely  free  from  any  volcanic  eruption. 
But  from  the  picturesque  country  of  the  Peak  southwards,  the  sea-floor  of 
the  Carboniferous  Limestone,  in  what  is  now  the  heart  of  England,  was 
dotted  with  vents  whence  the  sheets  of  "  toadstone "  were  ejected,  which 
have  so  long  been  a  familiar  feature  in  English  geology.  Beyond  this 
limited  volcanic  district  the  Car]K)niferous  formations  of  the  south-west 
of  England  remain,  on  the  whole,  devoid  of  contemporaneous  volcanic 
intercalations,  traces  of  Carboniferous  volcanic  action  having  been  recognized 
only  in  West  Somerset  and  Devonshire.  In  the  Mendip  district  and  in  the 
ridges  of  limestone  near  Weston-super-ilare  ])ands  of  cellular  lava  and  tuff 
have  been  observed.  To  the  west  of  Dartmoor,  Brent  Tor  and  some  of  the 
surrounding  igneous  masses  may  mark  the  positions  of  eruptive  vents  during 
an  early  part  of  the  Carboniferous  period. 

At  the  south  end  of  the  Isle  of  Man  relics  remain  of  a  group  of 
vents  among  the  (Carboniferous  limestones.  Passing  across  to  Ireland, 
where  these  limestones  attain  so  great  a  thickness  and  cover  so  large 
a  proportion  of  the  surface  of  the  island,  we  search  in  vain  for  any 
continuation  of  the  abundant  and  varied  volcanic  phenomena  of  Central 
Scotland.  So  far  as  observation  has  yet  gone,  only  two  widely  separated 
areas  of  Carlioniferous  volcanic  rocks  are  known  to  occur  in  Ireland.^  One 
of  these  shows  that  a  little  group  of  vents  probably  rose  from  the  floor  of 
the  Carboniferous  Limestone  sea,  near  Philipstown,  in  King's  County.  The 
otlier  lies  far  to  the  west  in  the  (4olden  Vale  of  Limerick,  where  a  more 
important  series  of  vents  poured  out  successive  streams  of  lava  with  showers 
of  ashes,  from  an  early  part  of  the  Carboniferous  i)eriod  up  to  about  the 
])eginning  of  the  time  of  the  Coal-measures. 

Tlie  total  area  within  which  the  volcanic  eniptions  of  Car]x)iiiferous 
time  took  place  was  thus  less  than  that  over  which  the  volcanoes  of  the 

*  The  supposed  Carboniferous  volcanic  rocks  of  Bearhaven  on  tho  coast  of  Cork  are  noticed  on 
)).  49,  vol.  ii. 
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Lower  Old  Eecl  Sandstone  were  distributed,  yet  they  were  scattered 
across  the  larger  part  of  the  site  of  the  British  Isles.  From  the  vents 
of  Fife  to  those  of  Limerick  is  a  distance  of  above  300  miles;  from  the 
latter  eastward  to  those  of  Devonshire  is  an  interval  of  250  miles;  while 
the  space  between  the  Devonshire  volcanoes  and  those  of  Fife  is  about 
400  miles.  In  this  triangular  space  volcanic  action  manifested  itself  at 
each  of  the  apices,  to  a  slight  extent  along  the  centre  of  the  eastern  side, 
but  with  much  the  greatest  vigour  throughout  the  northern  part  of  the 
area. 

Since  the  volcanic  phenomena  of  Carboniferous  time  are  exhibited  on  a 
much  more  extensive  scale  in  Scotland  than  in  any  other  region  of  the 
world  yet  studied,  it  will  be  desirable  to  describe  that  area  in  considerable 
detail.  The  other  tracts  in  Britain  where  volcanic  rocks  of  the  same  age 
occur  need  not  be  so  fully  treated,  except  where  they  help  to  a  better 
comprehension  of  the  general  volcanic  history. 

It  is  in  the  southern  half  of  Scotland  that  the  Carboniferous  system  is 
developed  (Map  IV.).  A  line  drawn  from  Machrihanish  Bay,  near  the  Mull 
of  Cantyre,  north-eastward  across  Arran  and  Bute  to  the  south  end  of  Loch 
Lomond,  and  thence  eastward  l)y  Bridge  of  Allan,  Kinross  and  Cupar  to  St. 
Andrews  Bay,  forms  the  northern  limit  of  this  system.  South  of  that  line 
Carboniferous  volcanic  intercalations  are  to  be  met  with  in  nearly  every 
county  across  into  the  borders  of  Northumberland. 

That  we  may  follow  intelligently  the  remarkably  varied  volcanic  history 
of  this  region,  it  is  desirable  to  begin  by  taking  note  of  the  nature  and 
sequence  of  the  sedimentary  formations  among  which  the  volcanic  rocks  are 
intercalated,  for  these  serve  to  bring  before  us  the  general  conditions  of 
the  geography  of  the  period.  The  subjoined  table  exhibits  the  subdivisions 
into  whicli  the  Carboniferous  system  in  Scotland  has  been  grouped : — 


^  5     Upper  Red  Sandstone  group,  nearly  devoid  of  coal-seani-s. 

S  I  rCoal-bearing,  white,  vellow  and  grey  sandstones,  dark  shalej?  and  ironstones  (Upper 
^  I  I        Coal  series). 

"§  'E  VTliick  white  and  reddish  sandstones  and  ^'rits. 

Sandstones,  shales,  fireclays,  coal-seams,  ironstones  and  three  seams  of  marine 
limestone,  of  which  the  uppermost  is  known  as  the  Castlecary  seam,  the 
second  as  the  Calmy  or  Arden,  and  the  lowest  tos  the  Index  (Lower  Coal  series). 

Bands  of  marine  limestone  intercalated  among  sandstones,  shales  and  some  coal- 
seams.  A  thick  band  of  limestone  lying  at  or  near  the  bottom  of  the  group, 
traceable  all  over  Central  Scotland,  is  known  as  the  Ilurlel  or  Main  Liinestoiie. 
Some  higher  and  thinner  seams  are  called  Hosie's  (see  Fig.  155). 
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In  the  basin  of  the  Firth  of  Forth,  helow  the  Huilet  Limestone,  comes  a  varied 
series  of  white  and  yellow  sandstones,  black  shales  (oil-shales),  cyprid  shales 
and  limestones  (Burdiehouse),  and  occasional  coal-seams  (Houston),  having  a 
total  depth  of  about  3000  feet.  This  local  ji:roup  al)ound8  in  fossil  plants, 
entomostraca  and  ganoid  fishes.  It  i>asses  down  into  the  Cement-stone  group, 
which,  however,  is  feebly  developed  in  this  district,  unless  it  is  partly  re- 
presented by  the  sandstones,  shales,  limestones  and  coals  just  mentioned. 

Cement-stone  group  consisting  of  red,  blue  and  green  marls  and  shales,  red  and 
grey  siindstoncs,  and  thin  bands  of  cement-stone  :  fossils  scarce. 

lieddish  and  grey  sandstones  and  shales,  with  occasional  plant -remains,  passing 
down  into  the  deep  red  (sometimes  yellow)  sandst<jne8,  red  marls  and  corn- 
stones  of  the  Upper  Old  Red  Sandstone. 

From  this  table  the  gradual  geographical  evolution  of  the  Carboniferous 
period  in  Scotland  may  be  gleaned.  We  observe  that  at  the  beginning, 
the  conditions  under  which  the  Old  lied  Sandstone  had  l)een  accumu- 
lated still  in  part  continued.  The  great  lacustrine  bjisins  of  the  Lower 
Old  Eed  Sandstone  had  indeed  been  effaced,  and  their  sites  were  occu- 
pied by  comparatively  shallow  areas  of  fresh  or  brackish  water  in  which 
the  tapper  Old  Ked  Sandstone  was  laid  down.  Their  conglomemtes  and 
Siindstones  had  been  uplifted  and  fractured.  Their  vast  ranges  of  volcanic 
material,  after  being  deeply  buried  under  sediment,  had  been  once  more  laid 
bare,  and  extended  as  ridges  of  hind,  separating  the  pools  and  lagoons 
which  they  supplied  with  sand  and  silt.  This  singular  topogiaphy  had  not 
been  entirely  effaced  at  the  beginning  of  the  Carboniferous  period,  for  we 
find  that  many  of  the  ridges  which  bounded  the  basins  of  the  l'^pi)er  Old 
Red  Sandstone  remained  as  land  until  thev  sank  beneath  the  waters  in 
which  the  earliest  Carboniferous  strata  accunmlated.  Thus,  while  no  trace 
of  an  unconfonnability  has  yet  been  detected  at  the  top  of  the  Upper  Old 
Ked  Sandstone,  there  is  often  a  strong  overlap  of  the  succeeding  deposits. 
At  the  south  end  of  the  Pentland  Hills,  for  example,  the  L'^pper  Old  Red 
Sandstone  attains  a  thickness  of  1000  feet,  but  only  three  miles  further  south 
it  entirely  disappears,  together  with  all  the  overlying  mass  of  Calciferous 
Sandstones,  and  the  Carboniferous  Limestone  then  rests  directly  on  the 
Lower  Old  Ked  Sandstone.  Again,  at  the  north  end  of  the  same  chain  the 
upper  division  of  the  Old  Ked  Sandstone  dies  out  against  the  lower,  which  is 
eventually  overlapped  by  the  (!'alciferous  Sandstones. 

The  change  from  the  physical  conditions  of  the  Scottish  Old  Ked  Sand- 
stone to  those  of  the  Carboniferous  system  was  no  doubt  gradual  and  slow. 
The  peculiar  red  sandy  sediment  continued  to  Ije  hiid  down  in  basins  that 
were  apparently  being  gi*adually  widened  by  access  of  water  from  the  open 
sea.  Yet  it  would  seem  that  in  Scotland  these  basins  still  for  a  long  time 
continued  saline  or,  from  some  other  cause,  unfavourable  to  life ;  for  the  red, 
blue  and  green  shales  or  marls,  and  occasional  impure  limestones  or  cement- 
stones  and  gypseous  layera,  which  were  deposited  in  them,  are  in  general 
unfossiliferous,  though  drifti»d  ])lants  from  the   neighl>ouring  lan<l  are  here 

^  The  Calciferous  Sandstones  are  the  stmtigraphical  e^piivalents  of  the  Limestone  Shale  and 
lower  portion  of  the  Carljoniferous  Limestone  of  England. 
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and  there  common  enough.  The  sediments  of  these  early  Carboniferous 
waters  are  met  with  all  over  the  southern  half  of  Scotland,  but  in  very  un- 
equal development,  and  constitute  what  is  known  as  the  "  Cement-stone 
Group." 

It  was  while  these  strata  were  in  course  of  deposition  that  the  earliest 
Carboniferous  volcanoes  broke  into  eruption.  In  some  localities  a  thickness 
of  several  hundred  feet  of  the  Cement-stone  group  underlies  the  lowest  lavas. 
In  other  places  the  lavas  occur  in  and  rest  on  the  Upper  Old  Bed  Sandstone 
and  have  the  Cement-stone  group  wholly  above  them ;  while  in  yet  other 
districts  the  volcanic  rocks  seem  entirely  to  take  the  place  of  that  group. 
So  vigorous  was  the  earliest  display  of  volcanic  action  in  Carboniferous 
times  that  from  the  borders  of  Northumberland  to  the  uplands  of  Galloway, 
and  from  the  slopes  of  the  Lammermuirs  to  Stirlingshire  and  thence  across 
the  estuary  of  the  Clyde  to  Cantyre,  innumerable  vents  were  opened  and 
large  bodies  of  lava  and  ashes  were  ejected. 

The  Cement-stone  group,  save  where  succeeded  by  volcanic  intercala- 
tions, passes  up  conformably  into  the  lowest  crinoidal  limestones  of  the 
Carboniferous  Limestone  series.  In  the  basin  of  the  Firth  of  Forth,  however, 
the  cement-stones,  feebly  represented  there,  are  overlain  by  a  remarkable 
assemblage  of  white  sandstones,  black  carbonaceous  shales,  or  "  oil-shales," 
cyprid  limestones,  occasional  marine  limestones  and  thin  seams  of  coal,  the 
whole  having  a  thickness  of  more  than  3000  feet.  These  strata,  unlike  the 
typical  Cement-stone  group,  abound  in  fossils  both  vegetable  and  animal. 
They  prove  that,  over  the  area  of  the  Forth,  the  insalubrious  basins  wherein 
the  red  and  green  sediments  of  the  Cement-stone  group  were  laid  down, 
gave  place  to  opener  and  clearer  water  with  occasional  access  of  the  sea. 
The  peculiar  lagoon-conditions  which  favoured  the  formation  of  coal  were 
thus  developed  in  Central  Scotland  earlier  than  elsewhere  in  Britain.  We 
shall  see  in  later  pages  that  these  conditions  were  accompanied  by  a  fresh 
outbreak  of  volcanic  activity,  in  a  phase  less  vigorous  but  more  enduring 
and  extensive  than  that  of  the  first  Carboniferous  eruptions. 

The  Carboniferous  Limestone  sea  over  the  site  of  the  southern  half  of 
Scotland  appeal's  never  to  have  reached  the  depth  which  it  attained  in 
England  and  Ireland.  To  the  north  of  it  lay  the  land  from  which  large 
(juantities  of  sand  and  mud  were  carried  into  it,  as  shown  by  the  deep 
accumulations  of  sandstone  and  shale,  which  far  surpass  in  thickness  the 
few  comparatively  thin  marine  limestones  intercalated  in  them.  There  is 
thus  a  striking  contrast  between  the  thick  masses  of  limestone  in  eenti-al 
and  south-western  England  and  their  dwindled  representatives  in  the  nortJi. 
Another  marked  difference  between  the  Scottish  and  English  developments 
of  this  formation  is  to  be  noticed  in  the  abundant  proof  that  the  compani- 
tively  shallow  waters  of  the  northern  basin  were  plentifully  dotted  over  with 
active  volcanoes.  The  eruptions  were  especially  vigorous  and  prolonged  in 
the  basin  of  the  Firth  of  Forth.  They  continued  at  intervals,  even  after  the 
peculiar  geogi*aphical  conditions  of  the  Carboniferous  Limestone  had  ceased. 
But  they  had  died  out  by  the  time  of  the  beginning  of  the  Coal-measures. 
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Owing  to  the  number  and  variety  of  the  natural  sections,  the  Carbon- 
iferous volcanic  rocks  of  Scotland  have  been  the  subject  of  numerous  obser- 
vations and  descriptions,  from  the  early  days  of  geology  down  to  the  present 
time.  The  mere  enumeration  of  the  titles  of  the  various  publications 
regarding  them  would  make  a  long  list.  These  rocks  formed  the  subject  of 
some  of  Button's  early  observations,  and  furnished  him  with  facts  from 
which  he  established  the  igneous  origin  of  "  whinstone."  ^  They  supplied 
nayfair  with  numerous  apt  illustrations  in  support  of  Button's  views,  and 
he  seems  to  have  made  himself  thoroughly  familiar  with  them.'^  In  the 
hands  of  Sir  James  Hall  they  became  the  groundwork  of  those  remarkable 
experiments  on  the  fusion  of  whinstone  which  may  be  said  to  have  laid  the 
foundation  of  experimental  geology.^  In  the  controversies  of  the  Neptunian 
and  Plutonian  schools  these  rocks  were  frequently  appealed  to  by  each  side 
in  confirmation  of  its  dogmas.  The  appointment  in  1804  of  Jameson  to  the 
Chair  of  Natural  History  in  the  Edinburgh  University  gave  increased 
impetus  to  the  study  of  the  igneous  rocks  of  Scotland.  Though  he  did  not 
himself  publish  much  regarding  them,  we  know  that  he  was  constantly  in 
tlie  habit  of  conducting  his  class  to  the  hills,  ravines  and  quarries  around 
Eilinburgh,  and  that  the  views  which  he  taught  were  imbibed  and  extended 
by  his  pupils.**  Among  the  early  writers  the  names  of  AUan,^  Townson,'* 
I^rd  Greenock,^  and  Ami  Boue,^  deserve  especial  mention. 

The  first  broad  general  sketch  of  the  Carboniferous  igneous  rocks  of  a  large 
district  of  the  countr}-  was  that  given  by  Hay  Cunningliam  in  his  valuable 
essay  on  the  geology  of  the  Lothians.^  He  separated  them  into  two  series, 
the  Felspathic,  including  "porphyry"  and  "clinkstone,"  and  the  Augitic  or  Trap 
rocks.  To  these  he  added  "  Trap-tufa,"  which  he  considered  to  be  identical 
in  origin  with  modern  volcanic  tuff.  It  was  the  eruptive  character  of  the 
igneous  rocks  on  which  he  specially  dwelt,  showing  by  numerous  sections 
the  eff'ects  which  the  protrusion  of  the  molten  mtisses  have  had  upon  the 
surrounding  rocks.  He  did  not  attempt  to  separate  the  intrusive  from  the 
interatratified  sheets,  nor  to  form  a  chronological  arrangement  of  the  whole. 

Still  more  important  was  the  sketch  given  by  Maclaren,  in  his  classic 
Geology  of  Fife  ami  the  Lothians}^  This  author  clearly  recognized  that 
many  of  the  igneous  rocks  were  thrown  out  contempomneously  with  the 
strata  among  which  they  now  lie.  He  constantly  sought  for  analogies 
among  modern  volcanic  phenomena,  and  presented  the  Carboniferous  igneous 
rocks  of  the  Lothians  not  as  so  many  petrographical  varieties,  but  as  monu- 

'  Hiitton's  Theory  of  the  Earthy  vol.  i.  p.  \hb  et  arq. 
'  Playfair'8  Illustrations  of  the  Ifuttonian  Theory,  §  255  d  seq. 
•'  Tntns.  Roy.  Soc.  JKdin,  (1805),  vol.  v.  j).  43. 

*  Mem.  Wcrn.  Soc.  ii.  178,  tfl8  ;  iii.  25  ;  Riin.  Phil.  Journ.  i.  138,  352  ;  xv.  386. 
•^  Trails.  Roy.  Soc.  KiUn.  (1811),  vi.  p.  405. 

**  Tracts  mid  Observations  in  Xatural  History  and  Physioloyy,  8vo,  Lond.  1799. 
"   Trnns.  Roy.  Soc.  min.  (1833),  xiii.  pp.  39,  107. 
^  Essfii  gtoloyiqve  sur  V£cosse.     Paris;  no  date,  probably  1820. 
'•  Mem.  H'ern.  Soc.  vii.  p.  1.     PiibliHhed  separately,  1838. 

^"  Small  8vo,  Ediii.  1838,  first  |iartly  published  as  articles  iu  the  Sadsinan  newsjiaper.     A 
second  edition,  which  was  little  more  than  a  reprint  of  the  first,  ap|»earcd  in  1866. 
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meiits  of  diftereiit  phases  of  volcanic  action  previous  to  the  formation  of 
the  Coal-measures.  His  detailed  descriptions  of  Arthur  Seat  and  the  rocks 
immediately  around  Edinburgli,  which  alone  the  work  was  originally  in- 
tended to  embrace,  may  be  cited  as  models  of  exact  and  luminous  research. 
The  portions  referring  to  the  rest  of  the  basin  of  the  Forth  did  not  profess 
to  be  more  than  a  mere  sketch  of  the  subject. 

Various  papers  of  more  local  interest,  to  some  of  which  allusion  will  be 
made  in  the  sequel,  appeared  during  the  next  quarter  of  a  century.  But 
no  systematic  study  of  the  volcanic  phenomena  of  any  part  of  Scotland 
was  resumed  until  the  extension  in  1854  of  the  Geological  Survey  to  the 
north  of  the  Tweed  by  A.  C.  Eamsay.  The  volcanic  rocks  of  the  Lothians 
and  Fife  were  mapped  by  Mr.  H.  H.  Howell  and  myself  The  maps  of  that 
district  began  to  be  published  in  the  year  1859,  and  the  Memoirs  two  years 
later.  In  1861,  in  a  chronological  grouping  of  the  whole  of  the  volcanic  phe- 
nomena of  Scotland,  I  gave  an  outline  of  the  Carboniferous  eruptions.^  By 
degrees  the  detailed  mapping  of  the  Geological  Survey  was  pushed  across  the 
whole  of  the  rest  of  the  south  of  Scotland,  and  the  Carboniferous  volcanic 
rocks  of  each  area  were  then  for  the  first  time  carefully  traced  and  assigned 
to  their  various  stratigraphical  horizons.  In  the  following  pages  reference 
will  be  given  to  the  more  important  features  of  the  Survey  maps  and 
Memoirs.  In  the  year  1879,  availing  myself  of  the  large  amount  of 
information  which  my  own  traverses  and  the  work  of  the  Survey  liad 
enabled  me  to  acquire,  I  published  a  Memoir  on  the  geology  and  petro- 
graphy of  the  volcanic  rocks  of  the  basin  of  the  Firth  of  Forth ;  ^  and  lastly, 
in  my  Presidential  Address  to  the  Geological  Society  in  1892,  I  gave  a 
summary  of  all  that  had  then  been  ascertained  on  the  subject  of  the  volcanic 
rocks  of  Carboniferous  time  in  the  British  Isles.^ 

Two  well-marked  types  of  volcanic  accumulations  are  recognizable  in 
the  British  Isles,  which  may  be  conveniently  termed  Plateaux  and  Puys. 

1.  Plateaux.  —  In  this  type,  the  volcanic  materials  were  discharged 
over  wide  tracts  of  country,  so  that  they  now  form  broad  tablelands  or 
ranges  of  hills,  reaching  sometimes  an  extent  of  many  hundreds  of  square 
miles  and  a  thickness  of  more  than  1000  feet.  Plateaux  of  this  character 
occur  within  the  British  area  only  in  Scotland,  where  they  are  the  pre- 
dominant phase  of  volcanic  intercalations  in  the  Carboniferous  system. 

It  is  noteworthy  that  the  Carboniferous  plateaux  appeared  during  a 
well-marked  interval  of  geological  time.  The  earliest  examples  of  them  date 
from  the  close  of  the  I^pper  Old  Bed  Sandstone.  They  were  all  in  vigorous 
eruption  during  the  time  of  the  Calciferous  Sandstones,  but  in  no  case  did 
they  survive  into  that  of  the  Hurlet  and  later  limestones.  They  are  thus 
eminently  characteristic  of  the  earliest  portion  of  the  Carboniferous  period. 

2.  Pdys. — In  this  type,  the  ejections  were  often  confined  to  the  dis- 
charge of  a  small  amount  of  fragmentary  materials  from  a  single  solitary 

1   Trans.  Hoy.  Soc.  Edin.  vol.  xxii.  -  Ibid.  vol.  xxix.  (1879),  p.  437. 

*  Quart,  Joum.  Geol.  Soc.  xlviii.  (1892),  p.  104.     This  suiiimaiy,  with  additional  details  and 
illustrations,  is  embodied  in  the  text. 
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vent,  and  even  where  the  vents  were  more  numerous  and  the  outpourings 
of  lava  and  showers  of  ash  more  copious,  the  ejected  material  usually 
covered  only  a  small  area  round  the  centres  of  eruption.  Occasionally 
streams  of  basic  lava  and  accumulations  of  tuff  were  piled  up  into  long 
ridges.  Volcanoes  of  this  character  were  specially  abundant  in  the  basin 
of  the  Firth  of  Forth,  and  more  sparingly  in  Ayrshire  and  Eoxburghshire. 
They  form  the  persistent  type  throughout  the  rest  of  the  liritish  Isles. 

The  Puys  also  occupy  a  well-detined  stratigraphical  position.  They  did 
not  b^in  until  some  of  the  volcanic  plateaux  had  become  extinct.  From 
the  top  of  the  Cement-stone  group  up  into  the  Carboniferous  Limestone 
series,  their  lavas  and  tuffs  are  met  with  on  many  platforms,  but  none  occur 
above  that  series  save  in  Ayrshire,  where  some  of  the  eruptions  appear  to 
have  been  as  late  as  about  the  beginning  of  the  Coal-measures. 

Arranged  in  tabular  form  the  stratigraphical  and  geographical  distribu- 
tion of  the  two  great  volcanic  types  of  the  Carboniferous  system  in 
Scotland  will  be  more  easily  followed.  I  have  therefore  drawn  up  tlie 
accompanying  scheme : — 
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CHAPTER  XXIV 

CARBONIFEROUS    VOLCANIC    PLATEAUX    OF    SCOTLAND 

I.    The  Plateau -type  restricted  to  Scotland — L  Distribution  in  the  Different  Areas  of 

Eruption — ii.  Nature  of  the  Materials  erupted. 

In  the  division  of  the  Plateaux  I  group  all  the  more  copious  eruptions 
during  the  Carboniferous  period,  when  the  fragmentary  materials  generally 
formed  but  a  small  part  of  the  discharges,  but  when  the  lavas  were  poured 
out  so  abundantly  and  frequently  as  to  form  lava-fields  sometimes  more  than 
2000  square  miles  in  area,  and  to  build  up  piles  of  volcanic  material  some- 
times upwards  of  3000  feet  in  thickness.  As  already  remarked,  this  phase 
of  volcanic  action,  especially  characteristic  of  the  earlier  part  of  the  Carbon- 
iferous period  across  the  south  of  Scotland,  but  not  found  elsewhere  in  the 
same  system  in  Britain,  preceded  the  type  of  the  Puys.  Its  eruptions  ex- 
tended from  about  the  close  of  the  Old  Ked  Sandstone  period  through  that 
section  of  Carboniferous  time  which  was  marked  by  the  deposition  of  the 
Calciferous  Sandstones,  but  they  entirely  ceased  before  the  accumulation  of  the 
Main  or  Hurlet  Limestone,  at  the  base  of  the  Carboniferous  Limestone  Series 
of  Scotland.  Its  stratigraphical  limits,  however,  are  not  ever)'where  the  same. 
In  the  eastern  part  of  the  region,  the  lavas  appear  to  be  intercalated  with,  and 
certainly  lie  directly  upon,  the  Upper  Old  Ked  Sandstone  containing  scales 
of  Bothnolepis  and  other  characteristic  fishes,  and  they  are  covered  by  the 
Cement-stone  group  of  the  Calciferous  Sandstones.  In  the  western  district 
a  considerable  thickness  of  Carboniferous  strata  sometimes  underlies  the 
volcanic  sheets.  On  the  other  hand,  the  type  of  the  Puys,  although  it 
appeared  in  Fife,  Linlithgowshire  and  Midlothian  during  the  time  of  the 
Calciferous  Sandstones,  attained  its  chief  development  during  that  of  the 
Carboniferous  Limestone,  and  did  not  finally  die  out  in  Ayrshire  until  the 
beginning  of  the  deposition  of  the  Coal-measures. 


L    DISTRIBUTION    OF  THE    PLATEAUX 

Notwithstanding  the  effects  of  many  powerful  faults  and  extensive  de- 
nudation, the  general  position  of  the  Plateaux  and  their  independence  of  each 
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Other  can  still  be  traced.  They  are  entirely  confined,  as  I  have  said,  to  the 
southern  half  of  Scotland  (see  Map  IV.).  In  noting  their  situations  we  are  once 
more  brought  face  to  face  with  the  remarkable  fact,  so  strikingly  manifested 
in  the  geological  history  of  Britain,  that  volcanic  action  has  been  apt  to  recur 
again  and  again  in  or  near  to  the  same  areas.  The  Carboniferous  volcanic 
plateaux  were  poured  out  from  vents,  some  of  which  not  impossibly  rose 
among  the  extinct  vents  of  the  Old  Eed  Sandstone.  Another  fact,  to  which 
also  I  have  already  alluded  as  partially  recognizable  in  the  records  of  Old  Bed 
Sandstone  volcanism,  now  becomes  increjisingly  evident — the  tendency  of 
volcanic  vents  to  be  opened  along  lines  of  valley  rather  than  over  tracts  of  hill. 
The  vents  that  supplied  the  materials  of  the  largest  of  the  Carboniferous 
volcanic  plateaux  broke  forth,  like  the  Old  Eed  Sandstone  volcanoes,  along 
the  broad  Midland  Valley  of  Scotland,  between  the  ridge  of  the  HigJilands 
on  the  north  and  that  of  the  Southern  Uplands  on  the  south.  Others 
appeared  in  the  long  hollow  between  the  southern  side  of  these  uplands, 
and  the  Cheviot  Hills  and  hills  of  the  I^ke  District.  It  is  not  a  question 
of  the  rise  of  volcanic  vents  merely  along  lines  of  fault,  but  over  broad 
tracts  of  low  gi-ound  rather  than  on  the  surrounding  or  neighbonring 
heights.  It  can  easily  be  shown  that  this  distribution  is  not  the  result  of 
better  preservation  in  the  valleys  and  greater  denudation  from  the  higher 
grounds,  for,  as  has  been  already  remarked  in  regard  to  the  volcanoes  of  tlie 
()ld  lied  Sandstone,  these  higher  grounds  are  singularly  free  from  traces  of 
necks  which,  had  any  vents  ever  existed  there,  would  certainly  have  re- 
mained as. memorials  of  them.  The  following  summary  of  the  position  and 
extent  of  the  Plateaux  will  afford  some  idea  of  tlieir  general  character  : — 

1.  The  Clydb  Plateau. — The  chief  plateau  rises  mto  one  of  the  most 
conspicuous  features  in  the  scenery  of  Central  Scotland.      Beginning  at  Stir- 
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Fk;.  107. — View  of  the  escarpment  of  the  Clyde  Plateau  in  the  Little  (.'unihrae,  from  the  south-west. 

ling,  it  forms  the  table-land  of  the  Fintry,  Kilsyth,  Canipsie  and  Kilpatrick 
Hills,  stretching  westwards  to  the  Clyde  near  Dumbarton.  It  rises  again  on 
the  south  side  of  that  river,  sweeping  southwards  into  the  hilly  moorlands 
which  range  from  CJreenock  to  Ardrossan,  and  spreading  eastwards  along  the 
high  watershed  between  Eeufrew\shire,  Ayrshire,  and  I^markshire  to  Galston 
and  Strathavon.  Put  it  is  not  confined  to  the  mainland,  for  its  prolongation 
can  be  traced  down  the  broad  expanse  of  the  Firth  of  Clyde  by  the  islands 
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of  Cumbrae  to  the  southern  end  of  Bute,  and  thence  by  the  east  of  Arran  to 
Campbeltown  in  Cantyre.  Its  visiWe  renniants  thus  extend  for  more  than 
100  miles  from  north-etist  to  south-west,  with  a  width  of  some  thirty-five 
miles  in  the  broadest  part.  We  shall  probaijly  not  exaggerate  if  we  estimate 
the  original  extent  of  this  great  volcanic  area  as  not  less  than  between  2000 
and  3000  square  miles. 

It  is  in  this  tract  that  the  phenomena  of  the  plateaux  are  most  admirably 
displayed.  Ranges  of  lofty  escarpments  reveal  the  succession  of  the  several 
eruptions,  and  the  lower  ground  in  front  of  these  escarpments  presents  to  us, 
as  the  result  of  stupendous  denudation,  many  of  the  vents  from  which  the 
materials  of  the  plateau  were  ejected,  while  in  the  western  portion  of  the  area 
admirable  coast-sections  lay  bare  to  view  the  minutest  details  of  structure.^ 

It  will  be  seen  from  the  map  (No.  IV.),  that  the  Clyde  plateau  extends  in 
a  general  north-east  and  south-west  direction.  It  is  inclined  on  the  whole 
towards  the  east,  where,  when  not  interrupted  by  faults,  its  highest  lavas 
and  tuffs  may  be  seen  to  pass  under  the  Carboniferous  Limestone  series. 
Its  greatest  elevations  are  thus  towards  its  escai'pment,  which,  commencing 
above  the  plains  of  the  Forth  a  little  to  the  west  of  Stirling,  extends  as  a 
striking  feature  to  the  Clyde  above  Dumbarton.  On  the  south  side  of  the 
great  estuary  the  escarpment  again  stretches  in  a  noble  range  of  terraced 
slopes  for  many  miles  into  Ayrshire.  It  is  well  developed  in  the  Little 
Cumbrae  Island  (Fig.  107),  and  in  the  south  of  Bute,  where  its  successive 
platfoims  of  lava  mount  in  terraces  and  green  slopes  above  the  Firth.  Even 
as  far  as  the  southern  coast  of  Cantyre  the  characteristic  plateau  scenery 
reappears  in  the  outliers  which  there  cap  the  hills  and  descend  the  slopes 
(Fig.  108). 

While  the  escarpment  side  of  this  plateau  is  comparatively  unfaulted,  so 
that  the  order  of  succession  of  the  lavas  and  their  superposition  in  the  sedi- 
mentary rocks  can  be  distinctly  seen,  the  eastern  or  dip  side  is  abnost 
everywhere  dislocated.  Innumerable  local  ruptures  have  taken  place, 
allowing  the  limestone  series  to  subside,  and  giving  to  the  margin  of  the 
volcanic  area  a  remarkably  notched  appearance.  To  the  effects  of  this 
faulting  may  be  attributed  the  way  in  which  the  plateau  has  been  separated 
into  detached  blocks  with  intervening  younger  strata.  Thus  a  complex 
series  of  dislocations  brings  in  a  long  strip  of  Carboniferous  Limestone  which 
extends  from  Johnston  to  Ardrossan,  while  another  series  lets  in  the  limestone 
that  runs  from  Barrhead  to  near  Dairy.      In  each  of  these  instances,  the 

*  Tliis  i»lateau  is  represented  in  Sheets  12,  21,  29,  30,  31  and  39  of  the  Geological  Survey,  and  is 
deHcril»ed  in  the  accompanying  Memoirs  as  far  as  published.  The  easteni  part  of  the  Cami)sie 
Hills  was  surveyed  hy  Mr.  B.  N.  Peach,  the  western  part  by  Mr.  R.  L.  Jack,  who  also  ma)>i>eil 
the  rest  of  the  plateau  to  the  Clyde,  and  a  portion  of  the  high  ground  of  Renfrewshire  and  Ayr- 
shire  ;  the  rest  of  the  area,  south  to  Anlrossan,  was  surveyed  by  niystdf.  The  tnwrt  from  St4»warton 
to  Strathavon  was  surveyed  by  Mr.  James  Oeikie,  the  Cumbraes  and  Bute  by  Mr.  W.  Gunn,  and 
southern  Cantyre  by  Mr.  R.  G.  Symes.  The  Campsie  Hills  have  been  i>artly  described  by  Mr.  John 
Young  in  the  first  volume  of  the  Tranaacfions  of  th^  (ihisijoxv  Gcolotjical  SocUtif,  The  occurrence 
of  plants  in  the  tuffs  of  the  cast  coast  of  Arran  was  discovered  by  Mr.  E.  Wuusch.  The  Campl)el- 
town  igneous  rocks  were  described  by  J.  Nicol,  Quart.  Journ.  Ocol.  Soc.  viii.  (1852),  j>.  406.  See 
also  J.  Bryce's  Anxin  and  Clydesdale, 
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coiitiiHiity  of  the  volcauie  plateuu  is  iiiteniipted.  To  the  saiuu  cause  we  owe 
the  occasional  reappearance  of  a  portion  of  tlie  plateau  beyond  the  limits  of 
the  main  mass,  as  for  iiiHtuiice  in  the  detached  area  which  occurs  in  the 
valley  of  the  (iarnock  almve  Kilwinninfi. 

iJenudation  has  likewise  come  into  play,  not  only  in  reducing  the  area  of 
the  plateau,  hut  in  isolating  portions  of  it  into  outliers,  with  or  without  the 
aseistance  of  faults.  The  site  of  the  Cunibraes  and  Bute  was  no  doubt  at 
one  time  covered  with  a  continuous  sheet  of  \olcanic  material,  and  there 
appears  to  be  no  reason  for  refusing  to  believe  tliat  this  sheet  formed  part  of 
that  which  cajw  the  opposite  uplands  of  Ayrshire.     From  the  southern  end 


of  Bute  it  is  only  alwut  seven  miles  aci-uss  to  the  sliore  of  Arran  near  t'orrie. 
where  the  lu\-ns  ami  tuffs  reapjiear.  They  ai-e  so  |X)orh-  represented  there. 
howe\-er,  that  we  are  evidently  not  far  from  the  limit  of  llie  plateau  in  that 
direction.  S>  vast  has  been  the  denudation  of  the  region  that  it  is  now 
impossiblf  to  determine  whether  the  vok-anic  ejet'tions  of  Campbeltown,  which 
occupy  the  Kinne  •^eohigical  platform  as  those  of  Arran,  Bute  and  Ayrshire, 
wei-e  also  actually  continuous  with  them.  But  iis  the  distance  Itctween  the- 
denuded  fi-ugments  of  tlie  volcanic  series  in  Arran  and  in  Cantyre  is  only 
abtiut  20  miles  it  is  not  improbable  that  this  continuity  existed,  and  thus. 
that  the  vok-anic  siccunmlations  readied  at  k'ast  as  far  iis  the  soutlieni  end 
of  Ai-gyllshin-,  where  they  now  .'ilip  under  the  sea. 

2.  TiiK  East  Lothiax  ok  Gahletox  I'lateac. — Snue  :.0  miles  to  the 
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east  of  the  Clyde  volcauic  district,  and  entirely  independent  of  it,  lies  the 
plateau  of  the  Garleton  Hills  in  East  Lothian,  which,  aa  its  limits  towards 
the  east  and  north  have  been  retlueed  by  denudation,  and  towards  the  west 
are  hidden  under  the  Carboniferous  Limestone  series  of  Haddington,  covers 
now  an  area  of  not  more  than  about  60  square  miles.'  That  the  eruptions 
from  this  area  did  not  extend  far  to  the  north  is  shown  by  the  absence  of 
all  trace  of  them  among  the  Lower  C'arboniferous  rocks  of  Fife.  A  relic  of 
them  occurs  above  Borthwick,  in  Midlothian,  about  twelve  miles  to  the 
south-west  of  the  nearest  margin  of  the  plateau.  The  area  over  which  the 
lavas  and  tuffs  were  discharged  may  not  liave  exceeded  150  square  miles. 
Small  though  this  plateau  is,  it  possesses  much  interest  from  the  remarkable 
variety  of  petrographical  character  in  its  lavas,  from  the  size  and  composi- 
tion of  its  necks,  and  from  the  picturesque  coast-line  where  its  details  have 
been  admirablj'  dissected  by  the  waves.  In  many  respects  it  stands  by 
itself  as  an  exception  to  the  general  type  of  the  other  plateaux. 


acliytu 


Cant  J-  Bfij". 


1,  from  the  shore 


From  its  proximity  to  Ediulnirgh  this  volcanic  area  has  been  often 
studied  and  described.  The  memoirs  of  Hay  Cunningham  and  Maclaren 
gave  the  fullest  account  of  it  until  its  structuir  was  mapped  by  the  Geolo- 
gical Survey.  Its  scenerj-  difl'ers  from  that  of  the  other  plateaux  chiefly  in 
the  absence  of  the  terraced  contour  which  in  them  is  so  characteristic.  The 
'  This  plateau  is  represented  in  Slieeta  33  and  II  of  the  Geological  Survey  of  Scotland,  and  is 
doBoribed  in  tlie  Ex[ilsiiation  to  accompany  Slieet  33. 
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peculiar  lavas  of  the  Garleton  Hills  form  irregularly- uneven  ground,  rising 
to  not  more  than  600  feet  above  the  sea.  They  slope  gradually  down  to 
the  coast,  where  a  succession  of  fine  sections  of  the  volcanic  seiics  has  been 
laid  bare  for  a  distance  of  altogether  about  ten  miles.  Nowhere,  indeed, 
can  the  phenomena  of  the  plateau-tuffs  and  their  association  with  the 
Carboniferous  strata  be  so  well  studied  as  along  the  coast-line  from  North 
Berwick  to  Dunbar.  Among  the  necks  of  this  plateau  distinguished  for 
their  size,  conspicuous  prominence  and  component  materials,  the  most  im- 
portant are  those  that  form  the  conical  eminences  of  North  Berwick  Law 
(Fig.  109),  Traprain  Law  (Fig.  133),  and  the  Bass  Kocfc  (Fig.  110). 

3.  The  Midlothian  Plateau. — On  the  same  general  stratigraphical 
horizon  as  the  other  volcanic  plateaux,  a  narrow  band  of  lavas  and  tuffs  can 
be  followed  from  the  eastern  outskitts  of  the  city  of  Edinburgh  into  Lanark- 
shire, a  distance  of  about  23  miles.  It  is  not  continuously  visible,  often 
disappearing  altogether,  and  varying  much  in   thickness  and  composition. 


This  volcanic  tract,  which  may  be  conveniently  teiiued  the  Midlothian 
Plateau,  is  the  smallest  and  most  fragmentary  of  all  the  series.  Its  most 
easterly  outliers  form  Arthur  Seat  and  Calton  Hill  at  Edinbuigh.^  Three 
miles  to  the  south-west  a  third  detached  portion  is  known  as  Craiglockliart 
Hill.  After  another  intenal  of  ten  miles,  the  largest  remaining  ftj^juient 
forms  the  prominent  ridge  of  Corston  Hill  (Fig.  Ill),  whence  a  discon- 
tinuous narrow  strip  may  be  traced  nearly  as  far  as  the  Kiver  Clyde, 

The  well-known  Arthur  Seat  and  Calton  Hill  have  been  fully  described 
by  Maclaren,  and  have  been  the  subject  of  numerous  observations  by  other 
geolf^ista.*      They  have  been  likewise  map^ied  in  detail  on  a  large  scale  by 

'  I  formerly  clawed  tlieso  eniinenoea  with  the  Puys,  1)ut  I  am  now  of  opinion  tliat  they  ought 
rather  to  be  regarded  an  rragnientH  of  a  long  aiicl  somewhat  narrow  {ilateail.  Their  basic  tavaa 
and  overlyitifc  ibeebt  of  porphyrite  repeat  the  usual  sequence  of  the  ]>lat«aux,  whicli  in  not  met 
with  among  the  Piijs.  ilut,  as  will  be  jicinted  out  in  the  serjuel,  Artlmr  Seat  in  long  eiibiiequent 
time  became  again  the  situ  oF  a  rolcnnie  vent. 

'  JIaclaren'e  ileology  of  Fi/c  nud  the  LoUii'iai,  1839.  pp.  1-67  ;  and  Hay  Cunningham,  M^m. 
Wcr.  Soe.  vii.  pp.  Cil-U'2.  Tlie  plateau  is  represented  in  Sheeta  24  and  32  of  the  Geological  Survey, 
and  Arthur  Seat  and  Calton  Hill  mil  be  found  on  Sheet  2  of  the  Qeological  Survey  map  of 
Edinburghshire  on  the  scale  of  6  incUes  to  a  mile. 
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the  Geological  Survey,  and  liave  lieen  described  in  the  Survey  Memoirs. 
The  rest  of  the  plateau  to  the  south-west  is  much  less  familiar. 

In  Fig.  112  the  {?reat  escarpment  which  descends  from  the  right 
towards  the  centre  is  the  sill  of  Salisbury  Crags.  The  long  dark  crag 
(Long  Kow)  rising  l>etwcen  the  two  valleys  is  the  lowest  of  the  interstrati- 
fied  lavas.  The  slope  that  rises  alujve  it  has  been  cut  out  of  well-bedded 
tuSs,  on  which  lie  the  basalts  and  audesites  in  successive  sheets  that  form  all 
the  eastern  or  left  side  of  the  hill.  The  rocks  around  the  summit  belong  to 
a  much  later  perioil  of  volcanic  eruption,  and  are  referred  to  in  Chapter  xxxL 

The  rocks  of  this  plateau  are  comparatively  limited  in  thickness,  and 
have  a  much  more  restricted  vertical  range  than  those  of  other  districts. 
At  Aithur  Seat  and  Corston  "Hill  they  begin  above  the  cement-stones  and 
cease  in  a  low  part  of  the  great  group  of  white  sandstones  and  dark  shales 
which  form  the  upper  half  of  the  Caleiferous  Sandstones  of  Midlothian. 
They  do  not  ascend  as  high  as  the  Burdiehouse  Limestone,  which  to  the 
west  of  Corston  Hill  is  seen  to  come  on  above  them.     One  of  their   most 


remarkable  features  is  the  manner  in  which  they  diminish  to  a  single  thin 
bed  and  then  die  out  altogether,  reappearing  again  in  a  sindlar  attenuated 
form  on  the  same  horizon.  Tliis  impersistenee  is  well  seen  in  the  south- 
western part  of  the  area,  between  Butehiud,  in  the  paiish  of  Currie,  and 
C'rosswood,  in  the  parish  of  Mid-Culder.  The  lowest  more  Itasic  Ijaud  mav 
there  be  ti-a,ced  at  intervals  for  many  miles  without  the  overlying  andesitie 
group.  Yet  that  andesites  followed  the  basalts,  as  in  other  plateaux,  is  well 
shown  by  large  remnants  of  these  less  iKisie  lavas  left  in  Arthur  Seat  and 
Calton  Hill.  On  the  extreme  southern  mai'giu  of  the  area  also  a  thin  band 
of  porphyrite  with  a  group  of  overlying  tuffs  is  seen  abo\'e  the  red  sand- 
stones near  Uunsyre.'  Tlie  eruptions  over  the  site  of  this  plateau  seem  to 
have  been  much  more  local  and  limited  than  in  the  otlier  plateaux.  Tliey 
appear  to  have  gathered  chiefly  around  two  centres  of  activity,  one  of  which 
lay  about  the  position  of  Edinburgh,  the  other  in  tlie  neighbourhood  of 
Corston  Hill.  It  is  worthy  of  remark  that  this  tract  of  volcanic  material 
Hanks  the  much  older  range  i.f  lavas  and  tulls  of  the  I'entland  Hills  and 

'  Ei,<h<.i"n<iii,  'Ifoi.  Siirr.  Scot/<W(l,  SlieeC  24,  p.  13  {]S69). 
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wraps  round  the  south-western  end  of  this  range,  thus  furnishing  another 
ilhistration  of  the  renewal  of  volcanic  activity  in  the  same  region  during 
successive  geological  perioils. 

4.  The  Berwickshire  Plateau.  —  Another  and  entirely  disconnected 
area  occurs  in  the  l)road  plain  or  Merse  of  the  lower  poition  of  the  valley 
of  the  Tweed.^  The  northern  limit  of  its  volcanic  tufl*  occurs  in  the  Eiver 
Whitadder  above  Duns,  whence  the  erupted  materials  rapidly  widen 
and  thicken  towards  the  south-west  by  Stitchell  and  Kelso,  until  they 
die  out  against  the  flanks  of  the  Cheviot  Hills.  The  eastern  extension  of 
the  area  is  lost  l>eneath  the  Cement-stone  group  which  covers  the  Merse 
down  to  the  sea.  Its  western  boundary  must  once  have  reached  far  beyond 
its  present  limits,  for  the  low  Silurian  ground  in  that  direction  is  dotted 
over  with  scattered  vents  to  a  distance  of  ten  miles  or  more  from  the  present 
outcrop  of  the  bedded  lavas,  extensive  denudation  having  cleared  away  the 
erupted  materials  and  exposed  the  volcanic  pipes  over  many  square  miles  of 
country.  Among  the  more  prominent  of  these  old  vents  are  tlie  Eildon 
Hills,  Minto  Crags  and  Kubera  I^w,  as  well  as  many  other  eminences 
familiar  in  Border  story. 

Tlie  bedded  volcanic  rocks  of  this  area  form  a  marked  feature  in  the 
topography  and  geology  of  the  district.  They  rise  above  the  plain  of  the 
Merse  as  a  band  of  undulating  hills,  of  which  the  eminence  crowned  by 
Hume  Castle,  about  600  feet  above  the  sea,  is  the  most  conspicuous  height. 
In  the  geological  structure  of  this  part  of  Scotland  they  are  mainly  interposed 
between  the  Upper  Old  Eed  Sandstone  and  the  base  of  the  Carboniferous 
system,  which  they  thus  serve  to  divide  from  each  other.  But  their  lowest 
sheets  appear  to  l>e  in  some  places  intercalated  in  the  Old  Red  Sandstone, 
80  that  their  eruption  probably  began  before  the  beginning  of  the  Carbon- 
iferous period.  They  form  a  band  that  curves  round  the  end  of  the  great 
Carboniferous  trough  at  Kelso  and  skirts  the  northern  edge  of  the  andesites 
of  tlie  Lower  Old  Ked  Sandstone  in  the  Cheviot  Hills. 

5.  The  Solway  Plateau. — Tlie  last  plateau,  that  of  the  Solway  basin, 
though  its  present  visible  eastern  limits  approach  those  reached  by  the  lavas 
from  the  Berwickshire  area,  was  quite  distinct,  and  ha<l  its  chief  vents 
at  some  distance  towards  the  south-west."  On  the  nortli -western  flanks 
of  the  Cheviot  Hills,  tlie  Upper  Old  Bed  Saiulstone  is  overlain  by  the 
lowest  Carboniferous  strata,  without  the  intercalation  of  any  volcanic  zone, 
so  that  there  must  have  been  some  intermediate  ground  that  escaped  being 
flooded  with  lava  from  the  vents  of  the  Merse  on  the  one  liand,  and  of  the 
Solway  on  the  other.  The  Solway  lavas  form  a  much  thinner  group  than 
tliose  of  Berwickshire.      From  the  wild  moorland  between  the  sources  of  the 

*  This  ])lateau  is  shown  on  Sheets  17,  25,  26  and  33  of  the  (Jeologiral  Survey  Map  of  Scotland. 
It  was  chiefly  nia])ped  hy  Prof.  James  (leikie  and  Mr.  ]5.  N.  Peach. 

■-'  For  a  delineation  of  the  distribution  and  structure  of  tliis  plateau  see  Sheets,  .*»,  rt,  10,  11  and 
17  of  the  Geologiral  Survey  of  Scotland.  In  the  uj>i>er  part  of  Lidde^dale,  Ewcstlale  and  Tarras  it 
was  niap})ed  by  Mr.  B.  X.  Peach  ;  in  lower  Liddes<iale  and  Eskdale  by  Mr.  R.  L.  Jack  and  Mr. 
J.  S.  Grant  Wilson  ;  from  Langholm  to  the  Annan  hy  Mr.  H.  Skae  ;  and  in  Kirkcudbright  by 
Mr.  John  Home. 
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Liddell  and  tlie  Kule  Water,  they  run  in  a  narrow  and  much-faulted  band 
south-westward  across  Eskdale  and  the  foot  of  Annandale,  and  are  traceable 
in  occasional  patches  on  the  farther  side  of  the  Nith  along  the  southern 
flanks  of  Criffel,  even  as  far  as  Torrorie  on  the  coast  of  Kirkcudbright — a 
total  distance  of  about  45  miles.  It  is  probable  that  this  long  outcrop 
presents  merely  the  northern  edge  of  a  volcanic  platform  which  is  mainly 
buried  under  the  Carboniferous  rocks  of  tlie  Solway  basin.  Yet  it  exhibits 
many  of  the  chief  characters  of  the  other  plateaux,  and  even  occasionally 
rivals  them  in  the  dignity  of  the  escarpments  which  mark  its  progress 
through  the  lonely  uplands  between  the  head  of  Liddesdale  and  the  Ewes 
Water  (Figs.  113,  142). 


Fk;.  113. — View  of  Arkletou  Fell,  part  of  the  Solway  Plateau,  from  the  south-west. 

Tlie  lower  slopes  below  the  single  binl,  rouiul  to  the  loft  side  of  the  sketch,  are  on  the  Upper  Ohl  Red  Sandstone  ; 
the  line  of  crag  below  the  two  binls  marks  the  volcanic  group  above  which  lies  an  outlier  of  the  Calciferous  Sand- 
stone series,  fonniiig  the  upin-r  jwrt  of  the  hill  (three  binls).  The  knobs  under  the  four  birds  are  bosstes  of 
andesite. 


The  plateaux  of  the  ilerse  and  the  Solway  illustrate  in  a  striking 
manner  tlie  distribution  of  the  volcanic  eruptions  along  valleys  and  low- 
plains.  The  vents  from  wliich  the  lavas  and  tuffs  proceeded  are  chiefly  to 
be  found  on  the  lower  grounds,  though  these  bedded  volcanic  rocks  rise  to  a 
height  of  1712  feet  (the  Pikes)  to  tlie  west  of  the  Cheviot  Hills.  Between 
the  Silurian  uplands  of  Selkirkshire  and  Berwickshire  on  the  north  and  the 
ridge  of  the  Cheviot  Hills  on  the  south,  the  broad  plain  was  dotted  M*ith 
volcanic  vents  and  Hooded  with  lava,  while  to  the  south-west  the  corre- 
sponding hollow  between  the  uplands  of  Dumfries  and  (lalloway  on  the  one, 
side,  and  those  of  Cumberland  on  the  other,  was  similarly  overspread.  The 
significance  of  these  facts  will  be  more  apparent  w^hen  the  grouping  of  the 
vents  has  been  described.  We  shall  then  also  be  better  able  to  realize  the 
validity  of  the  inference  that  the  present  plateaux  are  mere  fragments 
of  what  they  originally  were,  wide  areas  having  been  removed  from  the  one 
side  of  them  by  denudation,  and  having  been  concealed  on  the  other  under 
later  portions  of  the  Carboniferous  system. 
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The  same  two  plateaux  likewise  supply  further  illustrations  of  the  out- 
flow of  similar  volcanic  materials  in  the  same  locality  at  widely  separated 
intervals  of  time.  They  may  be  traced  up  to  and  round  the  margin  of 
the  great  pile  of  andesites  of  Lower  Old  Ked  Sandstone  age  forming  the 
Cheviot  Hills. 

ii.    NATURE    OF    THE    MATERIALS    ERUPTED 

The  volcanic  materials  characteristic  of  the  plateau-type  of  eruptions 
consist  mainly  of  lavas  in  successive  sheets,  but  include  also  various  tufls 
in  frequent  thin  courses,  and  less  commonly  in  thick  local  accumulations. 
The  lavas  are  chiefly  andesites  in  the  altered  condition  of  porphyrites. 
They  vary  a  good  deal  in  the  relative  proportions  of  silica.  Some  of  them 
are  decidedly  basic  and  take  the  form  of  dolerites  and  olivine-basalts.  With 
these  rocks  are  occasionally  associated  "  ultra- basic "  varieties,  where  the 
felspar  almost  disappears  and  the  material  consists  mainly  of  ferro-magnesian 
minerals.  The  more  basic  rocks  are  generally  found  towards  the  bottom  of 
the  volcanic  series,  where  they  appear  as  the  oldest  flows.  In  the  Garleton 
Hills  lavas  of  a  much  more  acid  nature  are  met  with — true  sanidine- 
trachytes,  which  overlie  the  porphyrites  and  basalts  of  the  earlier  eruptions. 

Xo  adequate  investigation  has  yet  been  made  of  the  chemical  and  micro- 
scopic characters  of  these  various  rocks,  regarded  as  a  great  volcanic  series 
belonging  to  a  definite  geological  age,  though  many  of  the  individual  rocks 
and  the  petrogniphy  of  difterent  districts  have  Ijeen  more  or  less  fully 
described.  I  cannot  here  enter  into  much  detail  on  the  subject,  but  must 
content  myself  with  such  a  summary  as  will  convey  some  idea  of  tlie  general 
composition  and  structure  of  tliis  very  interesting  volcanic  series. 

{a)  AuGiTE-OLiviNE  EocKS  (PiCRiTES  and  LiMBURGiTEs). — Towards  the 
l)ottom  of  the  plateaux  there  are  found  here  and  there  sheets  of  '*  ultra-basic  " 
material,  some  of  which  appear  to  be  l^edded  with  the  other  rocks  and  to 
have  flowed  out  as  surface-lavas,  though  it  may  be  impossible  to  prove  that 
they  are  not  sills.  Thus  at  Whitelaw  Hill,  on  the  south  side  of  the  Garleton 
Hills,  a  dark  heavy  rock  is  found  to  contain  hardly  any  felspar,  but  to  be 
made  up  mainly  of  olivine  and  augite.  Dr.  Hatch  has  published  a  descrip- 
tion and  drawing  of  this  rock,  together  with  the  following  analysis  by  Mr. 
Player :  ^ — 

SiUca        .......        40-2 


Titanic  oxide 

Alumina  . 

Ferric  oxide 

Ferrous  oxide 

Lime 

Magnesia . 

Potash 

Soda 

Loss  by  ignition 


2 -J) 

12-8 

4  0 

10-4 

10-4 

11-9 

0-8 

'11 

3-4 


Spec  gray.  303.  ^^'^ 

*  Tram,  Hoy,  Soc,  Edin,  voL  xxxWi.  (1898),  ik  lie. 
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(b)  DoLERiTEs  and  Basalts.^ — These  rocks  are  found  both  as  interstrati- 
fied  lavas  and  as  intrusive  masses.  In  the  former  condition  they  take  a 
conspicuous  place  among  the  sheets  of  the  plateaux,  but  especially  in  the 
lower  parts  of  the  series.  They  are  dark,  often  black,  usually  more  or  less 
porphyritic,  with  large  felspars,  frequently  also  large  crystals  of  augite  or 
olivine,  and  may  be  described  as  porphyritic  olivine-dolerites  and  olivine- 
basalts,  more  rarely  as  olivine-free  dolerites  and  basalts.  Their  groundmass 
consists  of  short  laths  or  microlites  of  felspar  (probably  labradorite)  and 
granules  or  small  crystals  of  augite  and  magnetite,  with  sometimes  a  little 
fibrous  brown  mica.  The  large  porphyritic  felspars  are  striped  (probably 
labradorite),  the  augites  are  frequently  chloritized,  and  the  olivines  are 
generally  more  or  less  serpentinized.  But  in  some  cases  all  these  minerals 
are  as  fresh  as  in  a  recent  basalt.  The  rocks  are  sometimes  beautifully 
columnar,  as  at  Arthur  Seat. 

Of  these  basic  lavas  conspicuous  examples  may  be  seen  at  Arthur  Seat, 
Calton  Hill  and  Craiglockhart  Hill.  The  eastern  part  of  Arthur  Seat, 
known  as  Whinny  Hill,  furnishes  examples  of  olivine-dolerites  of  the  Jed- 
burgh type  (p.  418).  The  beautiful  basalt  of  Craiglockhart  with  its  large 
porphyritic  olivines  and  augites  has  afforded  a  distinct  type  of  Carboniferous 
Imsalt  (p.  418).  The  same  type  occurs  on  the  Calton  Hill  in  the  cliff 
below  tlie  gaol.  Similar  basic  lavas  are  especially  abundant  and  remarkable 
in  tlie  Clyde  plateau  near  Campbeltown  in  Argyllshire,  and  at  the  south  end 
of  Bute  and  in  the  Cumbraes,  where  they  are  associated  with  an  interesting 
series  of  dykes  and  sills.  But  even  where,  as  in  the  Garleton  Hills,  the  lavas 
are  for  the  most  part  somewhat  acid  in  composition,  those  first  poured  out, 
which  form  the  lowest  band,  include  some  typical  olivine-basalts,  of  which  a 
characteristic  example  occurs  at  Kippie  Law  at  the  base  of  the  Garleton 
plateau  (p.  418).  It  has  been  described  by  Dr.  Hatch  as  exhibiting  under 
the  microscope  porphyritic  crystals  of  felspar  and  olivine  lying  in  a  ground- 
mass  composed  of  latli -shaped  felspars,  granular  olivine  and  magnetite,  and 
microlitic  augite.  The  olivine,  originally  the  most  abundant  constituent,  has 
been  converted  into  a  fibrous  aggregate  of  serpentine.  All  the  minerals 
are  more  or  less  idiomorphic,  but  especially  the  augite,  which  crowds  the 
groundmass  in  delicately-shaped  prisms,  most  of  which  are  terminated  at 
both  ends  by  faces  of  the  hemi-pyramid.  The  analysis  of  tliis  rock  is  given 
in  the  accompanying  table  of  analyses  of  Garleton  basalts.  The  Kippie  Law 
type  of  basalt  was  recognized  by  Dr.  Hatcli  among  the  Geological  Survey 
collections  from  other  districts,  as  in  the  intrusive  bosses  of  Neides  Law 
and  Bonchester  netu^  Jedburgh,  and  from  the  Campsie  plateau  a  mile  and  a 
half  north  of  Lennoxtown."- 

At  Hailes  Castle,  in  the  Garleton  plateau,  the  lower  basic  lavas  include 
another  olivine-basalt  somewhat  more  felspathic  than  tliat  just  described,  and 

^  A  geiKMal  classification  of  the  wliole  scries  of  Scottish  Carboniferous  dolerites  and  basalts, 
including  both  the  plateau  and  puy  examples,  will  be  given  in  the  account  of  the  rocks  of  the  puys 
in  Chapter  XXVI.  (p.  418). 

'■^  Traiia.  Itoy.  Soc.  Uditi.  vol.  xxxvii.  (1893),  j)p.  117-119. 
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at  Markle  quaiTy  the  rock  is  still  more  felspathic  and  contains  the  olivine 
only  in  small  sporadic  grains.  The  composition  of  these  basic  rocks  of  the 
Garleton  plateau  is  shown  in  the  subjoined  table  of  analyses  by  Mr.  J.  S. 
Grant  Wilson : — 


Kippie     Law,    s|)ecific 

gravity  2*8 
Hailes   Castle,  specific 

gravity  2*76     . 
Markle  Quarry,  specific 

gravity  27' 


SiOa 

Al^Ps 

1 
FeoOg'   FeO 

1 

MiiO 

CaO 

MgO 

K2O 

Na./)     H./> 

Total 

46-01 

19-19 

1 

1 

5-911  6-75 

0-19 

8-68 

6-81 

1-20 

3-27    3-07 

101-08 

49-07 

19-43 

10-58  2-35 

0-32 

7-87 

4-36 

0-98 

3-31    2-26 

100-53 

49-64 

22-23 

9-55 1  1-12 

0-08 

7-19 

2-80 

1-81 

4-56    2-42 

101  -30 

Olivine-dolerites  are  more  especially  developed  in  the  district  around 
Jedburgh,  where  they  form  some  of  the  most  prominent  bosses,  such  as 
Dunian  and  Black  Law.  They  show  a  subophitic  groundmass,  with  incon- 
spicuous porphyritic  crystals,  among  which  those  of  olivine  are  more  promi- 
nent than  the  felspars  (p.  418). 

(c)  Andesites  (Porphyrites). — These  are  the  most  abundant  lavas  of 
the  plateaux.  They  occur  in  every  district,  and  usually  form  the  main 
constituents  of  the  pile  of  volcanic  material.  They  vary  in  colour  from  a 
pale  pinkish  grey,  through  many  shades  of  red,  purple,  brown  and  yellow, 
to  sometimes  a  dark  green  or  nearly  black  rock.  Their  texture  ranges 
from  almost  semi-vitreous,  througli  different  degrees  of  compactness,  to  open, 
cellular,  slaggy  masses.  Generally  through  their  base  porphyritic  felspars 
are  abundantly  disseminated,  sometimes  in  large,  flat,  tabular  forms,  like 
those  of  the  Lower  Old  Eed  Sandstone  already  referred  to.  The  amyg- 
daloidal  kernels  consist  of  calcite,  zeolites,  chalcedony  or  quartz.  It  is 
from  the  amygdaloids  on  either  side  of  the  Clyde  that  the  fine  examples  of 
zeolites  have  been  chiefly  obtiuned  for  which  the  south  of  Scotland  has  long 
been  famed.  Occasionally,  as  at  the  south  end  of  Bute,  the  audesitic  lavas 
display  a  marked  columnar  structure. 

Under  the  microscope  these  rocks  present  the  usual  fine  felted  aggregate 
of  felspar  microlites,  with  granules  or  crystals  of  magnetite  and  sometimes 
pyroxene.  The  porphyritic  felspars,  often  large  and  well  defined,  generally 
contain  inclusions  of  the  groundmiiss.  Occasionally  some  of  the  large  por- 
phyritic constituents  are  augite,  or  pseudomorphs  after  that  mineral.  The 
alteration  of  the  rocks  has  oxidized  some  of  the  iron-ore  and  given  rise  to 
the  prevalent  purplish  and  reddish  tints. 

{d)  Trachytes. — Some  of  the  most  remarkable  lavas  to  l)e  found  in 
any  of  the  plateaux  are  tliose  which  constitute  a  large  part  of  the  Garleton 
Hills.  They  overlie  the  lower  andesite  and  basalt  platform,  which  surrounds 
them  as  a  narrow  l)elt,  wliile  they  occupy  the  central  and  much  the  largest 
part  of  the  area.  They  have  been  included  among  the  porphyrites,  but  are 
pale  rocks,  generally  with  a  yellowish  crust,  presenting  when  (juite  fresh  a 
grey,  compact,  felsitic  base  with  large  porphyritic  crystals  of  unstriped  felspar. 


38o 


THE  CARBONIFEROUS  VOLCANOES 


BOOK  VI 


A  number  of  specimens  selected  as  illustrative  of  the  different  varieties 
have  been  analyzed  and  the  results  are  stated  in  the  subjoined  table.  ^  The 
specific  gravity  of  the  rocks  is  about  2*6. 


Pepper  Craig     . 
Kae  Heughs 

Hopetoun  Monument 
Phantassie 
Bangley  Quarry 


SiOa 

AI2O3 
18-17 

FejOs 
0-32 

FeO 

MnO 

CaO 

62-61 

4-25 

0-21 

2-58 

61-35  ,  16-88    0-41 

;                   1  •- 

5-01 

0-26     2-39 

62-50 

18-51 

4-39 

...  !  2-60 

59-50 

18-25 

4-81    2-34 

...       2-10 

58-50 

21-12 

4-68 

■  «  • 

•  •  • 

3-70 

MgO 

K2O 

NtjO 

H2O 

Total 

0-74   4-02 

6-49 

0-80 

10019 

0-44    6-12 

5-26 

1-70 

99-82 

0-61   6-31 

3-44 

2-10 

99-86  i 

0-70   6-30 

5-03 

1-60 

100-63  i 

0-93 

5-84 

3-90 

2-00 

• 

100*67  1 

The  microscopic  characters  of  these  rocks,  as  worked  out  by  Dr.  Hatch, 
show  them  to  be  well-marked  and  wonderfully  fresh  sanidine- trachytes. 
Some  of  them  are  porphyritic,  with  large  crystals  of  perfectly  unaltered 
sanidine,  sometimes  also  oligoclase.  Small  but  well -formed  crystals  of 
yellowish-green  augite,  in  addition  to  the  porphyritic  felspars,  are  imbedded 
in  a  fine  groundmass  composed  chiefly  of  microlites  of  sanidine,  but 
with  granules  of  augite  and  magnetite  plentifully  interspersed,  and  occasion- 
ally prisms  of  apatite.  There  is  a  group  in  which  the  porphyritic  felspars 
are  scarce  or  absent.  In  these  there  is  little  or  no  ferro-magnesian  con- 
stituent. Other  trachytes,  rather  less  basic  than  the  augite-bearing  varieties 
here  referred  to,  occur  as  bosses  in  the  Garleton  Hills  district,  and  are 
referred  to  in  the  following  section  (c)? 

(e)  EocKS  OF  THE  Xkcks. — In  the  necks  connected  with  the  plateaux 
other  types  of  massive  rock  are  to  be  found.  Among  these  perhaps  the  most 
frequent  are  trachytes,  grey  to  pink  in  colour,  but  apt  to  weather  yellow, 
exceedingly  compact,  sparingly  porphyritic,  and  with  a  peculiar  platy 
structure  and  waxy  lustre.  Kocks  of  this  character  also  appear  as  sills  and 
dykes.  Other  varieties  that  occur  in  similar  positions  are  more  basic  in 
composition,  including  dark,  coarse,  granular  diabases.  In  the  Jedburgh 
district  the  most  frequent  rocks  are  beautiful  varieties  of  olivine-dolerite 
and  oli vine-basalt,  wliich  form  most  of  the  prominent  hills  of  the  neighbour- 
hood. These  bosses  are  sometimes  associated  with  agglomerates  as  at 
Rubers  Law. 

In  the  Garleton  Hills  district,  some  of  the  necks  present  another  petro- 
graphical  type  which  directly  connects  them  with  the  remarkable  lavas  of 
the  higher  part  of  that  plateau.  Thus  the  rock  of  Traprain  Law  was  ascer- 
tained by  Dr.  Hatch  to  be  a  true  phonolite.  In  its  general  platy  structure 
and  sonorous  ring  under  the  hammer  it  reminds  one  of  typical  phonolites. 
Under  the  microscope  the  rock  is  found  to  consist  mainly  of  small  lath- 
shaped  crystals  of  sanidine  arranged  in  a  marked  minute  flow-structure,  but 
with  few  porphyritic  crystals.     It  contains  small  crystals  and  ophitic  patches 

^  The  first  two  analyses  are  by  Mr.  J.  S.  Grant  Wilson,  the  last  two  by  Mr.  A.  Dick  jun., 
and  that  from  Hopetoun  Monument  by  Mr.  G.  Barrow.     Trans.  Jioy.  Sac.  Edin.  vol.  xxxvii.  p.  122. 
*  For  fuller  petrographical  details  consult  Dr.  Hatch's  jwipcr  above  cited. 
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of  a  light  green  soda-augite,  with  practically  no  magnesia  in  it.  A  small 
quantity  of  iron-ore  and  isolated  gi'aiuiles  of  apatite  are  also  present,  to- 
gether with  patches  of  nepheline  which,  though  generally  decomposed  and 
replaced  with  zeolitic  products,  occasionally  display  six-  and  four-sided 
crystal-contours.  An  analysis  of  the  Traprain  phonolite  by  Mr.  Player  is 
subjoined : —  ^ 

Silica         .......  56*8 

Titanic  acid  ......  0*5 

Alumina   .  .  .  .  .19*7 

Ferric  oxide .  .  .  .  .2*2 

Ferrous  oxide         ......  35 

Manganous  oxide  .  .  .  02 

Lime         .......  2*2 

Magnesia  .......  0*4 

Soda  .......  4*3 

Potash       .......  71 

Loss  by  ignition     ......  2-5 


99-4 
Spec.  grav.  2588 

The  neck  of  North  Berwick  Law  was  found  by  Dr.  Hatch  to  be  a 
tracliyte,  showing  a  plexus  of  lath -shaped  sanidines  that  diminish  in  size 
to  minute  microlites,  but  with  no  porphyritic  or  ferro-magnesian  con- 
stituent. The  Bass  Kock,  though  its  geological  relations  are  concealed  l)y 
tlie  sea,  is  in  all  probability  another  neck  of  this  district.  It  is  likewise  a 
mass  of  trachyte,  composed  almost  entirely  of  lath-shaped  crystals  of  sanidine, 
with  no  feiTO-magnesian  constituent,  but  a  good  deal  of  iron  ore.  It  shows 
none  of  the  large  porphyritic  felspars  so  characteristic  of  the  Garleton  Hills 
lavas,  but  it  closely  resembles  the  non-porphyritic  varieties,  particularly  the 
lavas  of  Score  Hill,  Pencraig,  Lock  Pit  Hill,  and  Craigie  Hill.^ 

(/)  Tuffs. — The  fragmentary  ejections  of  the  plateiiux  vary  in  texture 
from  the  finest-grained  tuffs  to  coarse  agglomerates.^  As  they  have  been 
derived  from  the  explosion  of  andesite-lavas,  they  consist  mainly  of  the  debris 
of  tliese  rocks.  They  are  often  deep  red  in  colour,  as  for  example  those  of 
Dunbar,  but  are  most  frequently  greenish.  They  have  a  granular  texture, 
<lue  to  tlie  small  lapilli  of  various  porphyrites  imbedded  in  a  fine  dust  of 
the  same  material.  Grains  of  quartz,  frequently  to  be  detected  even  in 
tlie  finer  tuffs,  may  eitlier  have  been  ejected  from  the  volcanic  vents,  or 
may  have  been  grains  of  sand  in  the  ordinary  sediment  of  the  sea- 
bottom.  Both  at  the  Imse  and  at  the  top  of  the  plateau-series,  the  tuffs  are 
interstratified  with  and  blend  into  sandstones  and  shales,  so  that  si)ecimen8 
may  l>e  collected  showing  a  gradual  i)assiige  from  volcanic  into  non-volcanic 
detritus.     In  many  of  the  tuffs  of  the  necks  fragments  of  sandstone  and 

*   Trans,  JUry.  Soc.  Eilin,  vol.  xxxvii.  j).  VIT}. 

'  The  compositiou  of  the  rocks  of  North  Berwick  Law  and  the  Bass  closely  resembles  that  of 
the  trachytic  lavas  of  the  plateau.     For  analyses,  see  Dr.  Hatch's  Pajier,  ibid,  pp.  123,  124. 

•'  For  accounts  of  these  rocks,  see  Explanation  of  Sheet  33  (ieol,  Surv,  Scot,  p.  32  ;  Sheet  22, 
1»I).  11-14  ;  Sheet  31  pp.  14-17. 
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other  stratified  rocks  occur,  representing  the  strata  through  which  the  vents 
were  drilled.  In  the  tutls  of  the  Eixgleshani  district  pieces  of  grey  and  pink 
granite  have  been  met  with  which,  if  they  are  portions  of  an  old  granite 
mass  below,  must  have  come  from  a  great  depth.^  In  the  eoai-ser  tuft's 
and  agglomerates  a  larger  variety  of  lava-form  rocks  is  to  he  found  tliaii 
can  be  seen  among  the  bedded  lavas  of  the  Platt^aux.  They  inchide  felsites 
and  quartz-porphyries,  and  more  rarely  Ixisic  lavas  (dial^ases,  etc.). 

^  Explanation  of  Sheet  *22  Heoh  Surv,  Scctf,  p.  12. 


CHAPTER  XXV 

GEOLOGICAL  STRUCTUKE  OF  THE  CARBONIFEROUS  VOLCANIC 

PLATEAUX  OF  SCOTLAND 

1.  Bedded  Lavas  and  Tuffs ;  Upper  Limits  and  Original  Areas  and  Slopes  of  the 
Plateaux;  2.  Vents;  Necks  of  Agglomerate  and  Tuff;  Necks  of  Massive  Rock; 
Composite  Necks  ;    3.  Dykes  and  Sills ;  4.  Close  of  the  Plateau-eruptions. 

• 

The  structure  of  the  various  plateaux  presents  a  general  similarity,  with  many 
local  variations.  Each  plateau  is  built  up  entirely,  or  almost  entirely,  of  sheets 
of  volcanic  material,  the  intercalations  of  ordinary  sedimentary  layers  being, 
for  the  most  part,  few  and  unimportant,  and  usually  occurring  either  towards 
the  base  or  the  top  of  the  volcanic  series,  though  at  a  few  localities  inter- 
stratifications  of  shale  and  sandstone,  marking  pauses  in  the  eruptions, 
occur  throughout  that  series.  The  vents  of  eruption  are  in  some  instances 
still  to  be  recognized  on  the  plateaux  themselves.  More  usually  they  occur 
on  the  lower  ground  flanking  the  volcanic  escarpments,  where  they  have 
been  laid  bare  by  denudation.  Dykes,  though  seldom  abundant,  are  asso- 
ciated with  the  plateaux,  while  the  sills  which  may  mark  the  latest  mani- 
festations of  volcanic  energy,  though  not  developed  on  so  large  a  scale  as 
among  the  Cambrian  and  Silurian  volcanoes,  ciin  nevertheless  be  distinctly 
recognized. 

It  is  a  question  of  some  interest  to  determine  the  geological  date  of  the 
commencement  of  the  plateau-eruptions  by  fixing  the  precise  stratigrapliical 
horizon  on  which  the  base  of  the  volcanic  series  rests.  I  have  already 
referred  to  the  fact  that  this  base  does  not  always  lie  on  the  same  platform 
among  the  Lower  Carboniferous  formations.  In  Berwickshire,  as  above 
mentioned,  the  earliest  eruptions  appear  to  have  taken  place  before  the 
close  of  the  IJpper  Old  Eed  Sandstone  period.  These  are  the  earliest  of 
the  whole  series.  In  Can  tyre,  the  lowest  lav^is  and  tuffs  come  directly  u[>on 
the  sandstones,  marls  and  cornstones  of  the  ITpper  Old  Ked  Sandstone.  In 
Stirlingshire,  Renfrewshire  and  Ayrsliire  several  hundred  feet  of  the  Cement- 
stone  group  are  sometimes  interposed  between  the  lx)ttom  of  the  volcanic 
rocks  and  the  top  of  the  Old  Ked  Sandstone.  This  divergence  doubtless 
indicates  that  the  eruptions  Ixjgan  earlier  in  some  districts  than  in  others. 
But  there  were  also  probably  unequal  ten^estrial  movements  preceding,  and 
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perhaps  accompanying,  the  volcanic  outbursts.  lu  the  ease  of  the  Clyde 
plateau,  for  example,  if  we  examine  its  base  in  the  neighbourhood  of  Fintry, 
we  find  that  it  lies  upon  some  500  feet  of  Carboniferous  white  sandstone, 
red  and  green  marls  and  cement-stones,  which  rest  on  the  Upper  Old 
Eed  Sandstone.  Yet  only  eight  miles  to  the  eastward,  this  considerable 
mass  of  strata  disappears,  and  the  bottom  of  the  lavas  comes  down  upon 
the  red  sandstones.  Five  miles  still  further  in  the  same  direction  the 
volcanic  masses  likewise  die  out.  and  then  the  Carboniferous  Limestone 
series  is  found  at  Abbey  Craig  to  lie,  with  scarcely  any  representative  of  the 
Cement-stoue  group,  on  the  ITpper  Old  Red  Sandstone  (Fig.  1 14).  Again,  to 
the  south-west  of  Fintry,  the  zone  of  cement-stones  below  the  volcanic  series 
continues  to  vary  considerably  in  thickness  and  sometimes  almost  to  disappear, 
while  in  Ayrshire  the  lavas  lie  immediately  on  the  red  sandstones. 

These   irregularities,  not   improbably  indicative  of  inequalities  of  sub- 


sidence and  of  deposition,  may  have  been  connected  witli  the  subtei-rauean 
disturbances  which  culniinate<l  in  the  abundant  outbreak  of  volcanic  action. 
But  though  the  volcanic  rocks  of  the  plateaux  may  be  traced  overlapping  the 
underlying  strata,  no  evidence  has  anywhere  been  detected  of  an  unconform- 
ability  between  them  and  the  Lower  Carboniferous  or  Upper  Old  Eed 
Sandstone  series. 


1.    BEDDED    LAVAS    AXD    TUFFS 

Tlie  successive  sheets  of  lava  in  a  plateau  usually  form  thin  and  wide- 
spread beds  which  are  only  occasionally  separated  by  intercalations   of  tuff 
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or  of  red  marL  In  this,  as  well  as  in  other  respects,  they  present  mucli 
resemblance  to  the  lavas  of  the  Tertiary  plateaux  of  Antrim  and  the  Inner 
Hebrides.  They  are  generally  marked  off  from  each  other  by  the  slaggy 
upper  and  under  portions  of  the  successive  flows,  and  this  structure  gives  a 
distinctly  bedded  aspect  to  the  escarpments,  as  in  the  Campsie  and  Largs 
Hills,  or  still  more  conspicuously  in  Little  Cumbrae  (Fig.  107)  and  the 
southern  end  of  Bute.  Considerable  diversity  of  structure  may  be  noticed 
among  these  sheets.  Some  present  a  compact  jointed  centre  passing  up  and 
down  into  the  slaggy  material  just  referred  to;  others  have  assumed  a  vesicular 
character  througliout,  the  vesicles  being  often  elongated  in  the  direction  of  flow. 
Where,  as  usually  occurs,  the  vesicular  is  replaced  by  the  amygdaloidal 
structure,  some  of  the  rocks  have  long  been  famous  for  the  minerals  found 
in  their  cavities.  The  beautiful  zeolites  of  the  Kilpatrick  and  lienfrewshire 
Hills,  for  example,  may  be  found  in  every  large  mineralogical  collection  in 
the  country.  Well-developed  columnar  structure  occasionally  appears  among 
the  lavas  of  the  plateaux,  but  chiefly,  so  far  £is  I  have  observed,  in  the  lower 
or  more  basic  group,  as  in  the  basalts  along  the  east  side  of  the  Dr}'  Dam 
at  Arthur  Seat. 

In  each  plateau  the  lavas  may  Ije  observed  to  thicken  in  one  direction, 
or  more  usually  towards  more  than  one,  and  this  increase  no  doubt  indicates 
in  which  quarters  the  chief  centres  of  discharge  lay.  Thus  in  the  Clyde 
plateau,  several  areas  of  maximum  development  may  be  detected.  In 
the  Kilpatrick  Hills  the  total  thickness  of  lavas  and  tuffs  exceeds  3000 
feet  (Fig.  120).  Above  Largs  it  is  more  than  1500  feet,  rapidly  thinning 
away  towards  the  south.  The  continuation  of  the  plateau  far  to  the  north- 
east in  the  Campsie  Fells  reveals  a  thickness  of  alx)ut  1000  feet  of  lavas 
at  Kilsyth,  which  become  thicker  further  west,  but  eastward  rapidly  diminish 
in  collective  bulk,  until  in  about  twelve  or  thirteen  miles  they  disappear 
altogether,  and  then,  as  already  remarked,  the  Calciferous  Sandstone  series 
closes  up  without  any  volcanic  intercalation. 

In  the  Solway  plateau,  the  lavas  attain  a  maximum  development  about 
Birrenswark,  whence  they  diminish  in  bulk  towards  the  north-east  and 
south-west.  The  Berwickshire  plateau  reaches  its  thickest  mass  alx)ut 
Stitchill,  whence  it  rapidly  thins  away  towards  the  north-east,  until  at  a 
distance  of  some  twelve  miles  it  disappears  altogether,  the  last  trace  of 
it  in  that  direction  being  a  baud  of  tuff'  which  dies  out  in  the  Calciferous 
Sandstones  to  the  north  of  Duns. 

In  the  Midlothian  Plateau,  the  development  of  the  volcanic  series  is 
more  irregular  than  in  any  of  the  others.  As  already  remarked,  there 
appear  to  have  been  at  least  two  chief  centres  of  discharge  in  this  region,  one 
at  Edinburgh  and  one  some  fourteen  miles  to  the  south-west.  At  the  former, 
the  volcanic  materials  attain  in  Arthur  Seat  and  Calton  Hill  a  thickness  of 
about  1100  feet.  In  Craiglockhart  Hill,  three  miles  distant,  they  are  still 
about  600  feet  thick.  But  beyond  that  eminence  they  cease  to  be  traceable 
for  about  eight  miles,  either  because  they  entirely  die  out,  or  because  their 
dwindling  outcrops  are  concealed  under  superficial  deposits.    As  we  approach 
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the  south-western  centre  of  eruption  around  Corston  Hill  a  new  volcanic 
group  begins  and  soon  increases  in  bulk. 

A  distinguishing  feature  of  the  plateaux  is  found  in  the  difference 
between  the  lavas  that  were  first  erupted  and  those  which  followed  them. 
The  earlier  eruptions,  as  above  remarked,  were  generally  basic,  sometimes 
highly  so.  Thus  at  Arthur  Seat  the  thick  series  of  lavas  which  form 
the  eastern  part  of  the  hill  have  at  their  base  several  slieets  of  columnar 
basalt,  over  which  come  the  andesites  that  make  up  the  main  mass  of  the 
erupted  material.  In  the  Calton  Hill  the  same  sequence  may  be  observed. 
Underneath  the  andesites  of  Campbeltown  comes  a  well-marked  and  persistent 
band  of  olivine-dolerite.  Still  more  basic  are  some  portions  of  the  earliest 
lavas  of  the  Garleton  plateau  where,  as  already  stated,  rocks  present  them- 
selves composed  mainly  of  olivine  and  augite. 

It  is  worthy  of  notice  that  where  the  lavas  of  a  plateau  diminish  greatly 
in  thickness  or  become  impersistent,  the  lowest  basic  group  may  continue 
while  the  overlying  andesites  disappear.  This  feature  has  been  already 
mentioned  as  well  seen  in  the  Midlothian  plateau.  The  thick  group  of 
andesites  in  Arthur  Seat  and  Calton  Hill  is  not  to  be  found  in  the  next 
volcanic  eminence,  Craiglockhart  Hill ;  but  the  basalts  with  their  underlying 
tuffs  continue.  In  the  south-western  tract  from  Harper  Kig  to  Hare 
Law  in  Lanarkshire,  the  thin  lava -band,  which  can  be  found  only  at 
intervals  along  the  line  of  outcrop  of  the  volcanic  series  for  about  nine 
miles,  is  a  dolerite  often  highly  slagg}^  in  structure.  Again,  at  Corrie  in 
Arran,  the  lavas  which  appear  upon  the  shore,  apparently  at  the  extreme 
western  limits  of  the  Clyde  plateau,  are  basic  rocks. 

But  whether  or  not  the  lowest  and  more  basic  lavas  appear  in 
any  plateau,  the  main  mass  of  the  molten  material  erupted  has  usually 
consisted  of  varieties  of  andesite.  The  successive  discharges  of  these  inter- 
mediate lavas  have  flowed  out  in  sheets,  some  of  which  must  have  been 
little  more  than  heaps  of  clinkers  and  scoriae,  while  others  were  more  fluid 
and  rolled  along  with  a  ropy  or  slaggy  surface.  Occasionally  the  upper  part 
of  an  andesite  shows  the  reddened  and  decomposed  character  that  suggests 
some  degree  of  disintegration  or  weathering  before  the  next  lava-stream  buried 
it.  The  intervals  between  successive  outflows  of  these  lavas  are  not,  as  a  rule, 
defined  by  any  marked  breaks  or  by  the  intercalation  of  other  material.  In 
general,  the  plateaux  are  mainly  built  up  of  successive  sheets  of  lava  which 
have  followed  each  other  at  intervals  sufficiently  short  to  prevent  the  ac- 
cumulation of  much  detritus  between  them.  Thus  the  Campsie  Hills  have 
the  upper  600  feet  of  their  mass  formed  of  admirably- well-defined  sheets  of 
andesite,  separated  sometimes  by  thin  partings  of  tuft,  but  more  usually  only 
by  the  slaggy  vesicular  surfaces  between  successive  flows. 

Where  the  lavas  consisted  of  trachytes  they  were  apt  to  assume  more 
irregular  forms.  Of  this  tendency  the  rocks  of  the  Garleton  Hills  supply 
an  excellent  example.  As  already  stated,  their  lumpy  character  gives  to 
these  hills  an  outline  which  otters  strong  contrast  to  the  ordinary  sym- 
metrical terraced  contours  of  the  audesitic  plateaux. 
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Although  tuffe  play,  on  the  whole,  a  comparatively  unimportant  part 
amoug  the  constituents  of  the  plateaux,  tliey  attain  in  a  few  localities  an 
exceptionally  great  development,  and  even  where  they  occur  ouly  as  thin 
partings  between  the  successive  lava  flows  they  are  always  interesting 
memorials  of  the  volcanic  activitj  of  a  district  In  manv  portions  of  the 
plateaux,  the  lowest  members  of  the  volcanic  series  are  tuffs  and  ag^lomer 
ates,  showing  that  the  eruptions  often  began  with  the  dischar^je  of  frag 
mentary  materials.  Thus  in  the  Midlothian  plateau  at  Arthui  Seat  though 
the  lowest  interbedded  volcanic  sheet  is  a  dolerite  it  is  immuhatelj  followed 
by  a  aeries  of  bedded  tuffs  before  the  main  mass  of  the  la\a3  of  that  hill 
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make  their  appearaiic«.  At  Craiglockhart  Hill,  three  miles  distant  (Fig.  115) 
this  lowest  lava  is  altseut,  and  a  group  of  tuffs  about  300  feet  thick  rests 
immediately  on  the  red  Carboniferous  sandstones  and  shales,  and  is  overlain 
by  sheets  of  columnar  Itasalt.  The  scoriaceous  bottom  of  the  latter  rock  may 
here  and  tliere  be  seen  to  have  cut  out  parts  of  the  tuff'  as  it  rolled  over  the 
still  unconsolidated  material.  In  the  same  district,  a  few  miles  further  to  the 
south-west,  some  interesting  sections  of  the  Midlothian  plateau  are  laid  bare  in 
tlie  streams  which  descend  from  the  western  Hlopes  of  the  Peutlanil  Hills.      I 
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may  cite,  in  particular,  those  exi>osed  in  the  course  of  the  Liniihouse  Water. 
At  the  railway  via<luct  near  the  foot  of  Coi-ston  Hill,  a  good  section  is 
displayed  of  the  Cement-stone  group — thick  reddish,  purplish,  and  gieenish- 
blue  inaily  shales  or  clays,  with  thin  ribs  and  bauds  of  cement -stone  ami 
grey  compact  eyprid -limestone,  as  well  tis  lenticular  seams  and  tliicker  beds 
of  grey  shaly  Bandstone,  sometimes  full  of  ripple-maiks  and  nun-cracks. 
These  strata,  which  exactly  reproduce  the  typical  titliiilogical  characters  of 
the  Cement-stone  group  of  Stirlingshire  (Ballagan  Beds),  Ayrshire  and 
lierwickshire,  are  surmounted  by  a  group  of  reddish,  yellow  and  brown 
sandstones,   sometimes    pebbly   and    containing    a    band    of    conglomerate. 
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Amoug  the  stones  in  this  band,  pieces  of  the  radiolarian  cherts  of  the  Lower 
Silurian  series  of  the  Southern  Uplands  are  conspicuous,  likewise  pieces  of 
andesite  which  may  have  come  from  the  neighbouring  Pentland  Hills. 

Above  these  strata  lie  the  lavas  of  Corston  Hill.  These  are  highly 
vesicular  in  some  parts,  and  include  bands  of  tuff  which  are  well  exposed 
further  down  the  same  stream,  immediately  above  the  railway  bridge  near 
the  Mid-Calder  oil  works  (Fig.  1 1 6).  There  the  lavas,  though  much  decomposed, 
show  a  highly  vesicular  structure  with  a  rugged  upper  surface,  in  the  hollows 
and  over  the  prominences  of  which  fine  flaky  and  sandy  tuffs  have  been 
deposited,  while  thin  seams  of  vesicular  lava  are  intercalated  among 
these  strata. 

The  upper  part  of  the  same  plateau,  as  exposed  in  the  course  of  the 
Muriestou  Water,  contains  evidence  that  the  last  eruptions  consisted  of 
tuff.  The  highly  slaggy  lava  (1  in  Fig.  117)  is  there  surmounted  by  a 
thick  mass  of  grey  and  greenish-white  well-bedded  granular  tuff  (2)  in- 


Fi(j.  117. — Section  of  the  top  of  the  MMlotliinn  Fluteaii  in  the  Murieston  Waaler. 

eluding  occasional  lumps  of  the  basic  lava,  and  passing  up  into  black  shale 
(3).  But  that  the  volcanic  eruptions  continued  during  the  accumulation  of 
the  shale  is  proved  by  the  intercalation  of  thin  partings  and  thicker  layers 
of  tuff  in  the  black  sediment.  A  short  way  higher  up  the  Burdiehouse 
Limestone  comes  in. 

The  great  lava -escarpment  of  the  Kilpatrick  Hills  rests  on  a  con- 
tinuous band  of  tuff  which  is  thickest  towards  the  west,  near  the  group  of 
vents  above  Dumbarton,  while  it  thins  away  eastward  and  disappears  in 
Strathblane,  the  lavas  then  forming  the  base  of  the  volcanic  series.  But 
perhaps  the  most  remarkable  group  of  basal  tuffs  is  that  which  underlies 
the  lavas  of  the  Garleton  plateau,  to  which  further  reference  will  be  im- 
mediately made. 

Extensive  accumulations  of  tuff  form  in  one  or  two  localities  a  larsre 
proportion  of  the  thickness  of  the  whole  volcanic  series  of  a  plateau.  Thus 
in  the  north-eastern  part  of  Ayrshire,  between  Eaglesham  and  the  valley  of 
the  Irvine,  the  lavas  die  out  for  a  space  and  give  place  to  tuffs.  During 
the  discharge  of  the  fragmentary  materials  over  that  ground  no  lava  seems 
to  have  flowed  out  for  a  long  period.  Ordinary  sediment,  however,  mingled 
with  the  volcanic  detritus,  and  there  were  even  pauses  in  the  eruptions  when 
layers  of  ironstone  were  deposited,  together  with  thin  impure  limestone  that 
inclosed  shells  of  Produdus  giganteus} 

In  some  of  the  plateaux,  particularly  within  the  older  part  of  the  volcanic 
series,  intercalations  of  ordinary  sediment  among  the  tuffs  and  lavas  show 
that  eruptions  occurred  only  occasionally,  and  that  during  the  long  intervals 

*  Explanation  of  Sheet  22  Geo!.  Snrv.  ScotJmiif,  p.  12. 
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between  them  the  deposition  of  sand  and  mud  went  on  as  before.  Thus 
the  lower  400  feet  of  the  Caiupsie  Fella  are  built  up  of  sla^y  andesites  and 
thick  beds  of  fine-grained  stratified  tuff,  with  bands  of  red,  green  and  grey 
clays  and  cement-stone  and  a  zone  of  white  sandstone.  Tlie  Gallon  Hill  at 
E4linburgh  (Fig.  118)  affords  an  excellent  illustration  of  the  interstratifica- 


aectlou  of  Csltoa  Hill,  Edinbui^li. 
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tion  both  of  tuffs  and  ordinary  sediments  nmong  the  successive  outflows  of 
lavH.  In  the  total  thickness  of  about  1100  feet  of  volcanic  material  ia 
this  hill,  at  least  eight  intervals  in  the  discharge  of  the  lavas  are  marked 
by  the  intercalation  of  as  many  bands  of  nodular  tuff,  together  with  seams 
of  shale  and  sandstone  more  or  less  charged  with  volcanic  detritus.  The 
highest  lava  is  immediately  covered  by  the  white  sandstones  and  black 
shales  of  the  Calciferous  Sandstone  series. 

The  tuffs,  as  might  be  expected,  are  coarsest  in  texture  and  thickest  in 
mass  where  they  approach  most  nearly  to  some  of  the  vents  of  eruption, 
and,  on  the  other  hand,  become  finer  as  they  recede  from  these.  As  a  rule, 
they  are  distinctly  stratified,  and  consist  of  layers  varying  in  the  size  of 
their  component  lapilli.  Here  and  there,  near  the  centi-es  of  dischai^,  the 
bedding  becomes  hardly  traceable  or  disappears,  and  the  fragmentary 
materials  take  the  form  of  a^lomerate. 

In  the  admirable  range  of  coast-cliffs  which  extend  from  North  Berwick 
to  Dunbar,  we  learn  that  above  the  red  sandstones  at  the  base  of  the 
Carboniferous  system,  a  thick  pile  of  volcanic  ashes  was  accumulated  by 
numerous  dischai^s  from  vents  in  the  immaliate  neighbourhood.  Some  of 
the  explosions  were  so  vigorous  that  blocks  of  different  lavas,  sometimes  a. 
yard  or  more  in  length,  were  thrown  out  and  beaj>ed  up  in  irregular  mounds 
and  hollows.  Others  discharged  exceedingly  fine  dust,  and  between  these 
two  extremes  every  degree  of  coarseness  of  material  may  be  i-eeognized. 

As  an  illustration  of  the  remarkable  alternation  of  coarse  and  fine 
materials,  acconling  to  the  varying  intensity  of  the  volcanic  paroxysm.  Fig. 
1 1 9  is  here  introduced.  It  represents  a  portion  of  the  tuff-clifls  east  of 
Tanlallon  Castle,  and  shows  at  tlie  bottom  fine  well -stratified  tuff,  over  which 
a  sliower  of  laigc  blix^ks  of  lava  has  fallen.  Fine  detritus  is  seen  to  cover 
the  deposits  of  this  shower,  and  successive  disehai-ges  of  lai^e  stones  may  be 
noticed  higher  up  on  more  or  less  well-defined  horizons. 

The  space  over  which  this  pyroclaatic  material  can  now  be  traced,  large 
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though  it  is,  does  not  represent  the  whole  of  the  original  area  includeil 
within  the  range  of  the  discharges  of  ash  and  stones,  for  much  has  been 
removed  by  denudation.  During  pauses  of  various  length  between  the 
eruptions,  waves  and  currents  washed  down  the  heaps  of  volcanic  material 
and  distributed  ordinary  sediment  over  the  bottom  of  the  water.  Hence, 
abundantly  interstratified  in  some  parts  of  the  tuft',  seams  of  sandstone,  blue 
and  green  shale,  cement-stone  and  limestone  occur.  One  thick  band  of 
limestone  may  be  traced  from  near  Tynningham  House  to  Whittinghame, 
a  distance  of  about  four  miles  ;  another  patch  appears  near  Eockville  House  ; 
and  a  third  at  Rhodes,  near  Xorth  Berwick.  No  fossils  have  been  noticed 
in  these  limestones.  The  calcareous  matter,  together  sometimes  with  silica, 
appears  to  Iiave  been  supplied,  at  least  in  part,  by  springs,  which  may  have 
been  connected  with  the  volcanic  phenomena  of  the  district.  The  North 
Berwick  limestone,  in  particular,  has  the  pecuUar  carious  wavy  structure 
with  minute  mamillated  interstices  so  common  among  sinters.  It  contains 
grains  of  pyrites,  flakes  of  white  kaolin,  which  probably  represent  decayed 
prisms  or  tufts  of  natrolite,  and  cavities  lined  with  dog-tooth  spar.  Some 
portions  give  out  a  strongly  foetid  odour  when  freshly  broken. 

After  the  tuft's  of  the  Garleton  plateau  had  accumulated  to  a  depth  of 
perhaps  200  feet  or  more,  lavas  began  to  be  poured  out.  First  came 
basic  outflows  (olivine  -  basalts  with  picrites)  and  andesites  (porphyrites), 
which  form  a  thin  but  continuous  sheet  all  over  the  area.  These  were 
succeeded  by  the  series  of  trachytes  which  distinguish  this  area.  Although 
the  observer  remarks  the  absence  there  of  the  usual  terraced  arrangement, 
yet  from  some  points  of  view,  particularly  from  the  westward,  a  suc- 
cession of  low  escarpments  and  longer  dip-slopes  can  be  detected  among 
the  trachytes  of  tlie  Garleton  Hills,  while  there  can  be  no  doubt  that,  in 
spite  of  their  irregular  lumpy  contours,  these  lavas  lie  as  a  great  cake  above 
the  lower  platform  of  more  basic  flows  (Fig.  10).  There  is  evidence  that 
during  the  emission  of  the  tracliytes  occasional  eruptions  of  andesite  took  place. 
Not  the  least  striking  and  interesting  feature  of  this  plateau  is  the  size  and 
distribution  of  its  necks,  to  which  reference  will  be  made  in  the  sequeL 

The  latest  eruption  in  the  Garleton  area  had  ceased  and  the  cones  and 
lava  sheets  had  probably  been  buried  under  sediment  before  the  commence- 
ment of  the  deposition  of  the  Hurlet  or  thick  Main  Limestone  of  the 
Carboniferous  Limestone  series  which  lies  immediately  to  the  west  of  the 
plateau. 

The  tufts  of  tlie  plateaux  are  seldom  fossiliferous,  probably  for  the  same 
reason  that  fossils  are  scarce  in  the  Cement-stone  group  which  the  plateau 
volcanic  rocks  overspread  and  with  wiiich  they  are  interstratified.  Occa- 
sional stems  and  other  fragments  of  veget^ition  occur  in  the  plateau-tuffs,  as 
in  those  of  North  Berwick,  wliere  I  have  found  a  decayed  coniferous  trunk 
three  feet  in  length.  The  green  tuft"  at  the  base  of  the  volcanic  group  of 
Arthur  Seat  contains  abundant  macerated  plant  -  remains,  together  with 
scales  of  Rhizodus  and  other  fishes.  In  some  places  the  plants  are  repre- 
sented  by  trunks   or  roots,  which  appear  to   remain  in  their  positions  of 
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growth.  A  remarkable  instance  of  this  nature  occurs  in  some  bands  of  tuff 
in  the  volcanic  group  of  the  east  coast  of  the  Isle  of  Arran,  first  brought  to 
notice  by  Mr.  E.  Wunsch/  and  of  which  the  plants  have  been  so  fully 
investigated  by  Professor  Williamson.^ 

Plant-remains  also  occasionally  occur  in  the  stratified  layers  intercalated 
among  the  lavas  and  tuffs  of  the  plateaux.  Some  of  the  best  examples  of 
their  occurrence  are  to  be  found  in  the  shales  and  tuffs  interstratified  among 
the  enormous  pile  of  volcanic  material  near  Bowling.  Not  only  does 
abundant  vegetable  debris  occur  distributed  through  the  detrital  strata  in  the 
volcanic  series  at  that  locality,  but  it  is  even  aggregated  into  thin  seams  of 
coal  which  have  been  examined  and  described  by  various  observers.^     It  may 


w. 
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Fio.  120. — Section  across  part  of  the  Clyde  Plateau  to  the  west  of  Bowling  (reduced  from  Sheet  6 

of  the  Horizontal  Sections  of  the  Geological  Survey  of  Scotland). 

1.  "  Ballagan  Beds";  2.  White  sandstone;  3.  Tuffs,  600  feet  thick,  with  a  thin  sheet  of  andesite  ;  4.  Ande»ite 
sheets,  500  feet ;  5.  Stratified  tuffs  with  thin  coals,  sliales,  fireclays  and  plant-reniains,  500  or  600  feet ;  0  6. 
A  series  of  andesite-lavas,  about  1500  feet  thick,  enclosing  a  thin  coal-seam  at  *  ;  7.  Stratified  tuffs,  200  feet ; 
8.  Shales  with  plants  anrl  coaly  seams,  150  feet ;  9.  Base  of  another  andesite  series,  which  roust  be  some 
hundreds  of  feet  thick.    10  and  11.  Necks  of  agglomerate. 

l)e  remarked  that  the  plant  remains  thus  found  intercalated  in  the  volcanic 
series,  especially  when  they  have  been  entombed  in  tuff,  have  often  had 
their  internal  structure  admirably  preserved,  the  organic  tissues  having 
been  delicately  replaced  by  calcite  or  other  petrifying  medium.  The 
remarkably  perfect  structure  of  some  of  these  plants  has  been  demonstrated 
by  Professor  Williamson,  especially  in  the  case  of  the  Arran  deposit  just 
referred  to.  Mr.  John  Young  has  also  found  tlie  structure  well  preserved 
among  the  SigUlaricc  and  Stigmarice  that  occur  in  the  stratified  intercalations 
between  the  lavas  ne^r  Bowling. 

Upper  Limits  and  Original  Areas  and  Slopes  of  the  Platenicx, — Where 
the  highest  members  of  the  volcanic  series  can  be  seen  passing  conform- 
ably  under  the  overlying  Carboniferous  strata  they  are  frequently  found  to 
be  mainly  composed  of  fine  tuffs,  the  last  feeble  efforts  of  the  plateau- 
volcanoes  having  consisted  in  the  discharge  of  showers  of  ashes.  These 
materials  were  mingled  with  a  gradually  increasing  proportion  of  ordinary 
mechanical  sednnent,  which  finally  overspread  and  l)uried  the  volcanic  tracts 
of  ground,  as  these  slowly  sank  in  the  general  subsidence  of  the  region. 
The  characteristic  corals,  crinoids  and  shells  of  the  Carboniferous  Limestone 
begin  to  appear  in  these  ashy  sediments.  There  is  thus  an  insensible 
passage    from  volcanic    detritus    into    fossiliferous    shales    and    limestones. 


1  Trans,  Geol.  Soc.  GUvtgow,  vol.  ii.  (1867)  p.  97.  ^  Phil.  Trans.  1871-1883. 

'  See  in  particular  J.  Young,  Trans.  Ueol.  Soc.  OlasgoWf  vol.  iv.  (1874)  p.  123. 
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Examples  of  this  gradation  may  be  seen  in  many  natural  sections  along 
tlie  flanks  of  the  Ayrshire  plateau  from  above  Kilbimie  to  Strathavon. 

It  is  still  possible  to  fix  in  some  quarters  tlie  limits  beyond  which 
neither  the  lavas  nor  the  tuffs  extended,  and  thus  partially  to  map  out 
the  original  areas  of  the  plateaux.  For  example,  in  certain  directions  the 
Carboniferous  formations  can  be  followed  continuously  downward  below  the 
Main  Limestone,  without  the  intervention  of  any  volcanic  material,  or  with 
only  a  slight  intermixture  of  fine  volcanic  lapilli,  such  as  might  have  been 
carried  by  a  strong  wind  from  some  neighbouring  active  vents.  By  this 
kind  of  evidence  and  by  the  proved  thinning-out  of  the  materials  of  the 
plateau,  we  can  demonstrate  that  in  the  north  of  Ayrshire  the  southern 
limits  of  the  great  volcanic  bank  did  not  pass  beyond  a  line  drawn  from  near 
Ardrossan  to  Galston.  We  can  show,  too,  that  the  lavas  of  the  Campsie 
Fells  ended  off  about  a  mile  beyond  Stirling  before  they  reached  the  line  of 
the  Ochil  heights,  and  that  the  amlies  which  flowed  from  the  Solway  vents 
did  not  quite  join  with  those  from  the  Berwickshire  volcanoes. 

Moreover,  evidence  enough  remains  to  enable  us  to  form  a  tolerably 
clear  conception  of  the  original   average   slopes  of  the   surface  of  some  of 
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Fi(}.   1*21. — Diagram  illiiKtratiiig  the  thinning  away  southwanls  of  the  lavas  of  the  Clyde 
Plateau  between  Largs  and  AnlroRsan.     Length  about  10  miles. 

1.  Upper  01(1  R<kI  SaiidMton<* ;  2.  SamlstoneM,  HhnleM,  etc.,  with  "Ballagan  Bedfi";  3.  TuflM ;  4.  Andesitc  lavas; 

5.  Curboiiiferous  LiinesUuie  Heries. 

the  plateaux.  Thus  in  the  great  escarpment  above  Largs  and  the  high 
ground  eiistward  to  Kilbimie  the  volcanic  series,  as  already  stated,  must 
l)e  at  least  1500  feet  thick.  Tliis  thick  mass  of  lavas  and  tuffs  thins  away 
southwards  and  probably  disappears  a  short  disUmce  south  from  Ardrossan 
in  a  space  of  about  ten  miles  (Fig.  121).  The  original  southward  slope  of 
the  plateau  would  thus  appear  to  have  been  about  1  in  35.  Again,  the 
northward  slope  of  the  same  i)lateau  may  be  estimated  from  observations  in 
the  Campsie  Fells.  We  have  seen  that  above  Kilsyth  the  total  depth  of 
the  volcanic  sheets  is  about  1000  feet,  while  to  the  westward  it  is  much 
thicker.  From  the  top  of  the  Meikle  liin  (1870  feet)  above  Kilsyth  north- 
eastwards to  Causewayhead,  where  the  whole  volcanic  series  has  died  out, 
is  a  distance  of  12  miles,  so  that  the  slope  of  tlie  surface  of  erupted  materials 
<m  tliis  side  was  about  1  in  03  (Fig.  122). 

Judging  from  the  sections  exposed  along  the  faces  of  the  escarpments, 
we  may  infer  tliat  the  volcanic  sheets  had  a  tolerably  uniform  surface 
which  sloped  gently  away  from  the  chief  vents,  but  with  local  inequalities 
according  to  the  iregularities  of  the  lava-streams  that  were  heaped  up  round 
the  vents  and  flowed  outward  in  different  directions  and  to  various  distances 
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from  them.  At  the  beginning,  these  flat  volcanic  domes  were  certainly 
subaqueous.  While  they  were  being  formed,  continuous  subsidence  appears 
to  have  been  in  progiess.  But  the  great  thickness  of  the  volcanic  accumu- 
lations, as  in  the  Kilpatrick  and  Kenfrewshire  areas,  and  the  paucitj'  of 
ordinary  sedimentary  strata  among  them,  make  it  not  improbable  that  at  least 
their  higlier  parts  rose  above  the  water.  Where  this  was  the  case  there 
may  have  been  considerable  degradation  of  the  lava-banks  before  these  were 
reduced  or  were  bv  subsidence  submer^jed  beneath  the  water-level.     Evidence 

IV       StTontnd  Hill  {1676  F^) 


Fkj.  122. — Diagram  illustratiiifi:  the  thiiiiiiug  away  ejistwanls  of  the  lavas  of  the  Clyde 

Phiteau  in  the  Fiutry  Hills     Length  about  12  miles. 

1.  Uppor  Ohl  Red  S{in<lstr>ne  ;  2.  White  sandstone,  blue  shales  and  cement-stones  ("  Ballagan  Beds  ")  ;  3.  Andesit»^ 
sheet,  abont  100  feet  tliick ;  4.  Tiiftsj  (2ri0  feet),  with  an  included  band  of  ashy  sandstone  containing  plant- 
remains  ;  5.  Andesile  lavas  ;  «}.  Carboniferous  Limestone  series,  which  t»)  the  east  lies  immediately  on  thi» 
Upper  Old  Retl  Sandstone. 

of  this  waste  is  probably  to  be  recognized  in  the  bands  of  conglomerate, 
occasionally  of  considerable  thickness,  whicli,  particularly  in  some  parts  of 
Ayrshire,  intervene  between  the  top  of  tlie  volcanic  group  and  the  Hurlet 
Limestone.  As  I  shall  have  occasion  to  point  out  furtlier  on,  there  seems 
to  be  some  amount  of  evidence  in  favour  of  the  view  that  a  considerable 
interval  of  time  elapsed  between  the  close  of  the  plateau-eruptions  and  the 
date  of  that  widespread  depression  which  led  to  tlie  deposition  of  the  Hurlet 
Limestone  over  the  whole  of  Central  Scotland.  If  such  an  interval  did 
occur  it  would  include  a  prolongetl  abrasion  of  any  projecting  parts  of  the 
plateaux,  and  the  production  and  deposition  of  volcanic  conglomemte. 

2.    VENTS 

We  have  now  to  consider  the  external  forms,  internal  contents  and 
distribution  of  tlie  vents  from  which  the  material  of  the  plateaux  was  dis- 
charged. In  the  Carboniferous  system  these  interesting  relics  of  former 
volcanoes  are  far  more  distinctly  defined  and  better  preserved  than  in  older 
geological  formations.  Moreover,  in  Scotland,  they  are  laid  bare  to  greater 
advantage,  both  inland  and  along  the  sea-coast,  and  may  indeed  be  studied 
there  as  typical  illustrations  of  this  kind  of  geological  structure. 

In  external  form  the  necks  connected  both  with  the  plateaux  and  the 
puys  generally  rise  from  the  surrounding  ground  as  isolated,  rounded,  conical 
or  dome-shaped  prominences,  their  details  of  contour  depending  mainly  upon 
the  materials  of  which  they  consist.  When  these  materials  are  of  agglomer- 
ate, tufif  or  other  readily  disintegrated  rock,  the  surface  of  the  domes  is 
generally  smooth  and  grass-covered.     Where,  on  the  other  hand,  they  consist 


PLATEAU-VENTS  IN  SCOTLAND 


wholly  or   in   piirt  of  tlolerite,  basalt,  diabase,  anilesite,  trachyte  or  other 


Kl<i.  123.— Vitw  of  the  two  nruks  Duiugoyn  ami  Diittifoyti,  Sttrliiig><1iirt.  tnkvii  from  tli«  soutti. 
'thp  rii:ht  haiiil.    The  groimd-iilaii  <>f  (he  uiue  nerks  1:>  »l»><rii  'in  Pi([.  134. 

crystftUine  rock,  they  present  more  irregular  rocky  outlines.     IlluHtratioiis 


of  some  of  those  varying  forms  are  giveu  in  Figs.  'IZ  and  123.     In  rare 
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instances  the  vent  is  marked  at  the  surfiice  not  by  a  hill  but  by  a  hollow, 
as  in  the  great  neck  in  the  heart  of  the  Campsie  Fella  (Fig.  128). 

As  regards  their  ^ound-plan,  which  affords  a  cross-section  of  the  orijpnal 


v(i!eani(.'  funnel,  the  plateau -vents  present  considerable  variety.  The  simplest 
cases  are  those  in  which  the  form  is  approximately  circular  or  somewhat 
elliptical.  Here  the  outline  corresponds  to  the  cross-section  of  a  single  and 
normal  orifice.  Some  examples  of  this  simple  type  are  given  in  Fiy,  124, 
which  represents  a  group  of  vents  on  the  edge  of  the  Clyde  plateau  near  Strath- 
blane.     The  two  laiTrer  necks  hei-e  shown  are  the  .same  which  appear  in  Uie 
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view  in  Fig.  123.^  Where  two  vents  have  been  successively  opened  close  to 
each  other,  or  where  the  same  vent  has  shifted  its  position,  the  ground-plan 
may  be  greatly  modified.  In  some  instances  the  double  funnel  can  be  distinctly 
traced.  Thus  in  the  conspicuous  Knock  Hill  above  Largs  in  Ayrshire  (Fig. 
125,  B)  there  are  two  conjoined  necks,  and  such  appears  to  be  also  the 
structure  shown  by  the  ground-plan  of  the  neck  of  Barwood  Hill  and 
Eaven's  Craig,  east  of  Dumbarton  (Fig.  125,  A).'^  But  mere  complex 
forms  occur  which  point  to  a  still  larger  number  of  coalescing  necks. 
A  group  of  hills  to  the  east  of  Dumbarton  gives  the  ground-plan  shown 
in  C,  Fig.  125,  where  traces  may  be  detected  of  three  separate  vents. 
Still  more  irregular  are  long  narrow  dyke-like  masses  of  tuflf  or  agglomerate 
which  have  probably  risen  along  lines  of  fissure  (Fig.  22,  No.  1).  The  most 
striking  example  of  these,  however,  occur  in  association  with  the  puys  and 
will  be  described  in  later  pages. 

Connected  with  their  ground-plan  is  the  relative  size  of  the  plateau- 
vents.  On  the  whole  they  are  larger  than  those  of  the  puy  series.  The 
simple  circular  or  elliptical  type  presents  the  smallest  necks,  some  of  them 
not  exceeding  100  feet  in  diameter.  The  more  complex  forms  are  generally 
also  of  larger  dimensions.  By  much  the  largest  vent  or  connected  grouj) 
of  vents  is  that  which  lies  among  the  uplands  of  Misty  Law  in  the  heart 
of  the  Renfrewshire  part  of  the  Clyde  plateau,  where  a  connected  mass  of 
tufif  and  agglomerate  now  occupies  a  space  of  about  4  miles  in  length 
by  2^  miles  in  breadth  (Fig.  129).  It  has  not  been  found  possible,  how- 
ever, to  trace  the  boundaries  of  the  separate  vents  of  this  tract,  nor  to  dis- 
tinguish the  material  of  the  necks  from  that  which  surrounds  them. 
Another  large  mass  which  from  its  shape  may  be  conjectured  to  represent 
more  than  one  vent  is  the  great  tract  north  of  Melrose,  which  measures 
8800  by  4200  feet.' 

The  distribution  of  the  necks  can  best  be  understood  from  the  maps  of 
the  Geological  Survey,  where  they  have  l)een  carefully  indicated.  As  might 
have  been  expected,  they  are  not  found  outside  the  original  limits  within 
which  it  may  be  reasonably  inferred  that  the  lavas  and  tuffs  were  erupted. 
They  occur  most  abundantly  and  attain  their  largest  size  in  and  around  the 
districts  where  the  plateaux  are  most  extensively  developed.     No  doubt  a 

'  Thti  illustrations  in  Figs.  124  and  125  are  taken  from  the  field-mai)s  of  tlio  Geological  Survey  on 
the  scale  of  6  inches  to  a  mile.    The  ground  represented  in  Fig.  124  was  mapiK^d  by  Mr.  R.  L.  Ja(.*k. 

-  These  ground-plans  are  likewise  taken  from  the  field-maps  of  the  Geological  Survey.  A  and 
C  were  mapped  by  Mr.  Jack,  B  by  myself.  The  shaded  i»arts  are  intrusive  andesites  and  dolerites ; 
the  dark  bars  in  A  and  C  being  dolerite  dykes  of  much  later  date  than  tlie  necks.  The  dotted 
portions  mark  tuff  and  agglomerate. 

^  The  following  measurements  are,  like  tliose  in  the  text,  taken  from  tlie  field-maps  of  the 
Geological  Survey.  Carewood  Kig,  on  the  borders  of  Roxburghshire  and  Dumfriesshire, 
7000  X  2400  feet ;  the  great  vent  in  the  middle  of  the  Camitsie  Fells,  5200  x  2600 ;  Black  Law, 
between  Bednilo  and  Jedburgh,  3400  x  1600  ;  Dumgoyn,  Strathblane,  2300  x  1300  ;  Rubers  Law, 
1500x1000;  Minto  Hill  (south),  2300x1650;  Minto  Hill  (north),  1500x1100;  Doughnot  Hill, 
Kiliiatrick  range,  1000  x  700  ;  four  of  the  smallest  agglomerate  vents  along  the  northern  escarp- 
ment of  the  Clyde  plateau  between  Strathblane  and  Fintry,  500  x  450,  450  x  400,  250  x  100, 
200  X  200  ;  Pike  Law,  Arkleton,  Tan-as  Water,  500  x  500  ;  Harwood,  Stonedge,  5  miles  S.E.  from 
Hawick,  500  x  300  ;  Arkleton  Burn,  DumfriesBhire,  400  x  100  ;  Dalbate  Bum,  250  x  120. 
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large  number  of  them  are  concealed  under  these  plateaux.  A  few  appear  at 
the  surface  among  the  lavas  and  tuffs,  hut  by  far  the  lai^est  number  now 
visible  have  been  revealed  by  denudation,  the  escarpments  having  been  cut 
back  so  as  to  lay  bare  tlie  underlying  rocks  through  which  the  necks  rise. 
ThuB,  along  the  flanks  of  the  great  escarpment  that  extends  from  near  Stirling 
by  Fiiitry  and  Strathblane  to  Dumbarton  more  than  two  dozen  of  agglomerate 
necks  may  be  counted  in  a  distance  of  about  sixteen  miles  while  if  the  necks 
of  lava-form  material  are  mcluded  the  number  of  vents  must  be  about  fifty. 
Nowhere  in  Scotland  do  such  necks  form  a  more  conspicuous  feature  in  the 
scenery  as  well  as  the  geolt^\  than  tliey  do  between  lintry  and  Strathblane, 
where,  standing  out  as  bold  isolated  hills  in  front  of  the  escarpments,  their 
conical  and  rounded  outlines  present  i  striking  contrast  to  the  terraced 
escarpiuents  behind  them  I  would  especiallj  refer  again  to  the  two 
remarkable  cones  of  Duiiilo}n  and  Dumgo)ii  abo\e  'Itrathblane  (Figs. 
123,  124,  127).  Alon^  the  west  tront  of  the  hills  between  Gourock  aud 
Ardrossan  seventeen  agglomerate  \  ents  occur  in  a  distance  of  sixteen  miles. 
In  Eoxburghshire  a  group  of  large  agglomerate  necks  is  dotted  over  the 
Silurian  country  around  Melrose  and  Selkirk'  (see  iig   1  30) 

From  the  evidence  of  these  necks  it  is  plaui  that  the  \oIeauic  materials 
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of  the  plateaux  must  in  each  case  have  been  supplied  not  from  great 
centrftl  orifices,  but  from  abundant  vents  standing  sometimes  singly,  with 
intervening  8i>aces  of  several  miles,  often  in  groups  of  four  or  five  within  a 
single  s(iuai'e  mile. 

'  In  thla  rv^iun  and  farther  soitthwnn),  besides  the  plateau-iriipticiQs,  s  later  grou[i  of  nuys  ii 
to  lip  swii,  ami  it  is  ditBcult  to  discriminate  Iwtw-eeii  the  necks  ljel«iigiiigtothe  two  groups.  Tliose 
wliich  lie  to  the  eaal  are  prohahly  connected  with  tlie  [ilateaux,  those  to  the  n-est  witli  the  puys. 
The  latter  are  referred  to  on  |>.  475. 
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In  the  interior  of  the  country,  it  is  seldom  possible  to  examine  the  actual 
junction  of  necks  with  the  rocks  through  which  they  rise,  the  boundary-line 
being  usually  obscured  l)y  debris  or  herbage.  On  the  coast,  the  vents  of  the 
plateaux  have  not  been  bared  by  the  sea  so  fully  as  in  the  case  of  the  much 
younger  series  of  the  the  east  of  Fife  to  be  described  in  later  pagea  But 
where  the  East  Lothian  plateau  touches  the  shore,  the  waves  have  laid  bare 
a  number  of  its  minor  vents,  which  have  thus  been  dissected  in  ground-plan 
on  the  beach.  As  an  illustration  of  these  vents  an  example  is  given  in 
Fig.  126,  from  the  shore  east  of  Dunbar.  Here  the  sandstones,  which  are 
inclined  in  an  eiisterly  diiection  at  2 0""  to  25°,  are  pierced  by  an  irregular 
mass  of  tuff.  It  is  observable  that  in  this  instance  long  tongue-like  pro- 
jections of  the  sandstones  protrude  into  the  neck ;  more  frequently  the 
material  of  a  neck  sends  veins  or  dykes  into  the  surrounding  walls.  A 
volcanic  chimney  would  seem  to  have  been  often  much  shattered  and  fissured 
in  the  course  of  the  volcanic  explosions,  and  the  fragmentary  material  has 
fallen  or  been  injected  into  the  rents  thus  caused.  As  a  rule,  the  rocks 
immediately  around  the  Carboniferous  necks  are  more  or  less  indurated,  as 
in  this  instance  from  the  Dunbar  shore. 

The  materials  which  have  filled  up  the  vents  connected  with  the  plateau- 
eruptions  generally  consist  of  (a)  agglomerates  or  tufls,  but  occasionally  of 
(6)  some  kind  of  lava,  and  frequently  (c)  of  both  these  kinds  of  rock 
combined. 

(rt)  Necks  of  Agghmeratc  or  Tuff. — These  materials  vary  greatly  in  the 
nature  and  relative  proportions  of  their  constituents.  Usually  the  included 
blocks  and  lapilli  are  pieces  of  andesite,  diabase,  basalt  or  other  lava,  like 
the  rocks  of  the  plateaux.  But  with  these  occur  also  fragments  probably 
detached  from  the  sides  of  the  funnels  through  which  the  explosions  took 
place,  such  as  pieces  of  greywacke,  sandstone,  limestone  and  shale.  Con- 
siderable induration  may  be  observed  among  these  non-volcanic  ingiedients. 
In  some  cases,  as  in  that  of  the  occurrence  of  pieces  of  granite  referred 
to  on  p.  382,  the  stones  have  probably  l)een  brought  up  from  some  con- 
siderable depth.  In  others  it  is  easy  to  see  that  the  blocks  have  slipped 
down  from  some  higher  group  of  strata  now  removed  from  the  surrounding 
surface  by  denudation.  Some  striking  illustrations  of  this  feature  will  l^e 
cited  from  necks  of  the  puy-series  in  the  south  of  Roxburghshire  (p.  476). 

The  lava  blocks  in  the  tuffs  and  agglomerates  are  usually  rounded  or 
sub-angular.  Pear-shaped  l)locks,  or  flattened  discs,  or  hollow  spherical  balls 
are  hardly  ever  to  be  observed,  though  I  have  noticed  a  few  examples  in 
the  tuffs  of  Dunbar.  A  frequent  diameter  of  the  blocks  is  that  of  roughly 
rounded,  highly  amygdaloidal  pieces  of  lava,  the  cellular  structure  being 
specially  developed  in  the  interior,  and  the  cells  on  the  outside  being  often 
much  drawn  out  round  the  circumference  of  the  mass.  Such  blocks  wei*e 
probably  torn  from  the  cavernous,  partially  consolidated,  or  at  least  rather 
viscous,  top  of  a  lava  column.  Most  of  the  stones,  liowever,  suggest  that 
they  were  produced  by  the  explosion  of  already  solidified  lava,  and  were 
somewhat  rounded  by  attrition  in  their  ascent  and  descent      The  vents  filled 
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with  such  materials  must  have  been  tlie  scene  of  prolonged  and  iutenuitteut 
activity ;  successive  paroxysms  resulting  in  the  clearing  out  of  the  hardened 
lava  column  in  the  throat  of  the  volcano,  and  in  the  rise  of  fresh  lava,  with 
abundant  ejection  of  dust  and  lapiUi. 

Necks  formed  entirely  of  agglomerate  are  abundant  among  the  vents 
connected  with  the  plateaux.  As  examples  of  them  I  may  refer  to  the  series 
already  mentioned  as  fronting  the  escarpment  of  the  Clyde  plateau  from 

^  ^tralkbtane  Hills  ^ 
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Htrathblanv.  Slirliiig»liire. 
1,  Uliper  Old  Rnl  B(n. 
4.  An<leiiit«1srmH;&, 
LMe  doltrilB  cljki'. 

Fintry  to  Ijirgs.  Another  interesting  group  rises  tbrougli  the  Silurian  and 
Old  Bed  Sandstone  rocks  to  the  west  of  the  escarpment  of  the  Berwickshire 
plateau,  tliat  near  Melrose  forming  one  of  the  largest  in  Scotland. 


Illustrations  of  the  varying  structure  of  these   vents   are  given    iu   the 
accompanying  figures.      In  Fig.  1:^7,  a  section  is  drawn  through  the  two  necks 
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[ilaleaii  in  Hciifrewihire. 


Dunigoyii  and  Duinfoyn,  which  have  already  lieen  shown  in  outline  and  iii 
ground-plan.  The  relation  of  these  two  vents  to  the  neighbouring  plateau  to 
the  right  can   liere  lie  seen.      Fig.  128  gives  a  section  taken  through   the 
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yreat  vent  of  the  Catnpsie  HilU,  with  the  minor  adjacent  necks  of  Ilungoil, 
Bill  Bairn,  and  the  Meikle  Bin. 

The  diagram  in  Fig  129  is  meant   to  convey  in  a 
geuewl  way  what   appears  to   be  the  structure  of  the     ' 
central  vent  of  the  Kenfrewehire  plateaux,  to  be  after-     ; 
wards  referred  to.     But,  as  already  mentioned,  the  limits     " 
of  the  various  rocks  are  too  much  obscured  to  allow  an 
accurate  delineation  to  he  given  of  their  areas  and  rela- 
tions to  each  other.     The  Berwickshire  plateau  supplies 
abundant  interesting  examples  of  tuff  necks  which  rise     ^ 
through  the  Old  Bed  Sandstone  many  miles  distant  from     " 
t)ie   edge   of   the   lavas.       This   structure   is   shown   in     £ 
Fig.  130. 

Indications  may  occasionally  be  observed  of  an 
ai^lomerate  vent  having  been  first  occupied  by  one  kind 
of  material  and  then,  after  being  in  great  measure  cleared 
out  by  explosions,  having  been  subsequently  filled  up 
with  another.  As  an  example  of  this  structure  I  may 
cite  again  the  double  neck  of  the  Knock  Hill  a  little 
to  the  north  of  Largs,  of  which  the  outline  is  sliown 
in  Fig.  16,  and  the  ground-plan  in  Fig.  125,  B,  This 
hill  I'ises  from  the  red  sandstone  slopes  that  front  tlie 
great  Ayrshire  plateau  and  forms  a  conspicuous  cone 
the  top  of  which  is  rather  more  than  700  feet  above  the 
sea.  Its  summit  commands  a  remarkably  extensive  and 
interesting  panorama  of  the  scenery  of  the  Clyde,  but 
to  the  geologist  perhaps  the  most  striking  feature  in  the 
landscape  is  the  range  of  terraced  hills  behind,  mounting  " 
up  into  the  great  vents  of  the  Renfrewshire  uplands. 
()u  these  declivities  the  successive  lava-streams  that  have 
built  up  the  plateau  can  be  seen  piled  over  each  other 
for  a  thickness  of  more  than  1000  feet,  and  presenting 
their  escarpments  as  parallel  lines  of  lirowu  crag  with 
green  slopes  between. 

The  Knock  has  had  its  upper  part  artificially  dressed,     \ 
for  lines  of  trench  have  been  cut  out  of  its  rocks  by  some     g 
early  race  that  converted  the  summit  of  the  lull  into  a      ; 
strongly  intrenched  camp.     From  the  apex  of  the  cone  _  i 
the  ground  falls  rapidly  westward  into  a  hollow,  beyond     1 
which  rises  a  lower  rounded  ridge  of  similar  materials.     S 
It  is  possible  that  this  western  ridge  may  really  form 
part  of  the  main  hill,  but  the  grass-covered  ground  does 
not  afford  sufficient  exposures  of  the  rocks  to  settle  this 
[Kiint.      From  the  contours  of  the   surface,  it   may   be 
inferred  that  there  are  two  closely  adjacent  vents,  and 
that   the   western  and   lower   eminence   is    the  older   of   the   two.       This 
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hill  or  ridge  consists  partly  of  a  coarse  agglomerate,  and  partly  of  veins  and 
irregular  protrusions  of  a  dark,  compact,  slightly  cellular  lava.  The  stones 
in  the  fragmental  rock  are  different  olivine-basalts,  or  other  basic  lavas,  and 
sandstones.  The  paste  is  rough,  loose  and  granular.  The  sandstone  frag- 
ments are  much  indurated  and  sometimes  bleached. 

The  Knock  itself  is  formed  mainly  of  a  remarkably  coarse  and  strikingly 
volcanic  agglomerate.  Round  the  outside,  and  particularly  on  the  south-east, 
the  rock  is  finer  in  texture,  compact,  and  gravelly,  or  like  a  mudstone,  with 
few  or  no  imbedded  blocks,  dull-green  to  red  in  colour,  and  breaking  with 
a  clean  fracture  which  shows  angular  lapilli  of  various  basalts  or  diabases. 
At  the  southern  end  of  the  neck,  where  the  surrounding  red  sandstone  can 
be  seen  within  a  few  feet  of  the  tuff,  the  latter  is  bright  red  in  colour,  and 
contains  much  debris  of  red  sandstone  and  marl.  Possibly  this  finer  tuff, 
which  is  traceable  as  an  irregular  band  round  the  outside  of  the  neck,  may 
mark  an  older  infilling  of  the  vent  than  the  agglomerate  of  the  centre  ;  but 
there  is  no  sharp  line  to  be  drawn  between  the  two,  though  a  hollow  can 
sometimes  be  traced  on  the  surface  where  they  join. 

The  agglomerate  of  this  locality  is  one  of  the  most  characteristic  among 
the  plateau-necks  of  the  Clyde  region.  Its  blocks  sometimes  measure  from  two 
to  three  feet  in  diameter.  They  consist  almost  wholly  of  a  dark  crystalline 
porphyritic  olivine-basalt.  These  blocks  are  subangular  in  form,  often  with 
clean-fractured  surfaces.  Though  occasionally  slightly  cellular,  they  are 
never  slaggy  so  far  as  I  could  see,  nor  are  any  true  scoriae  to  be  noticed 
among  them.  The  blocks  suggest  that  they  were  derived  from  the  disrup- 
tion of  an  already  solidified  mass  of  lava.  The  agglomerate  is  entirely 
without  any  trace  of  stratification. 

Through  this  tumultuous  accumulation  of  volcanic  debris  some, 
irregular  veins  of  olivine-basalt,  sometimes  glassy  in  structure,  have  been 
injected,  and  reach  nearly  to  the  summit  of  the  hill.  This  intrusive 
material  resembles  generally  some  of  the  dark  intrusive  masses  in  the 
Dumbartonshire  necks.  Like  these,  it  exhibits  a  tendency  to  assume  a 
more  or  less  distinctly  columnar  structure,  its  columns  having  the  same 
characteristic  wavy  sides  and  irregular  curvature.  The  intrusive  rocks  in 
the  two  eminences  of  the  Knock  may  l)e  paralleled  among  the  stones  in  the 
agglomerate.  The  neck  on  its  north-eastern  side  rises  steeply  from  the  red 
sandstones  which  it  pierces,  but  which,  although  they  are  much  jointed  and 
broken,  are  not  sensibly  indurated.  Unfortunately  the  actual  junction  of 
the  igneous  and  sedimentary  rocks  is  concealed  under  herbage. 

As  a  rule,  the  fragmental  materials  of  the  plateau-necks  are  quite 
unstratified.  Their  included  blocks,  distributed  irregularly  through  the 
mass,  have  evidently  undergone  little  or  no  assortment  after  they  fell 
back  into  the  vents.  Occasionally,  however,  a  more  or  less  distinct 
bedding  of  the  agglomerate  or  tuff  may  be  observed,  the  layers  having 
a  tendency  to  dip  inward  into  the  centre.  One  of  the  most  conspicuous 
examples  of  this  structure  is  to  be  found  in  the  hill  of  Dumbuck,  to 
the  east  of  Dumbarton.     This  neck,  which  forms  so  prominent  a  feature 
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in  the  landscape,  presents  a  precipitous  face  towards  the  south,  and  allows 
the  disposition  of  its  component  materials  to  be  there  seen.  The  agglomerate 
consists  of  a  succession  of  rudely  stratified  beds  of  coarser  and  tiuer  detritus, 
which  on  both  sides  are 
inclined  towards  the  centre, 
where  a  plug  of  fine-graiued 
olivine- basalt  has  risen  and 
spread  out  into  a  columnar 
sheet  above  (tig.  131).  In 
general  form  this  basalt 
resembles  such  intrusions 
as  that  of  Lai^o  Law,  to  be  afterwards  described  (Fig.  226),  where 
what  may  have  been  the  hollow  or  bottom  of  the  crater  is  filled  with  basalt. 
(V)  Necks  of  AtulesUe,  Trachyte,  Doleritc,  Dinia.ir,  or  oUi^r  mamire  Rock. — 
When  tlie  vents  have  been  tilled  by  the  uprise  of  some  molten  rock,  it  is 
generally,  as  we  have  seen,  of  a  more  acid  character  than  the  ordinary  lavas 
of  the  plateaux.  Frequently  it  consists  of  some  variety  <)f  trachyte  or 
andesite,  commonly  of  a  dull  yellow  or  grey  tint  and  waxy  lustre.  Good 
examples  may  be  seen  among  the  remarkable  group  of  necks  on  either  side 
of  the  valley  north  of  the  village  of  Strathblane  and  in  those  above  Bowling. 
The  three  great  necks  in  East  Lothian,  already  alluded  to, — Traprain  Law 

''  Traprain  Law  ^ 


(Figs.  132,  133),  North  Berwick  Law  (Fig.  109),  and  the  Bass  Rock  (Fig. 
1 10) — ai"e  masses  of  phonolite  and  trachyte,  obviously  related  to  the  trachytes 
of  the  adjacent  plateau.  A  smaller  but  very  perfect  instance  of  a  vent 
similarly  tilled  is  to  be  seen  in  the  same  neighbourhood  on  the  shore  to  the 
east  of  North  Berwick  Law.' 

Examples  occur  where  the  funnels  of  eruption  have  lieen  finally  sealetl 
up  by  the  rise  of  more  basic  material,  and  this  has  happened  even  in  a 
district  where  most  of  the  lava-form  necks  consist  of  trachyte  or  some  other 
intermediate  lava.  Thus,  in  the  Campsie  Fells,  several  such  liosses  apjiear, 
of  which  the  most  conspicuous  forms  the  hill  of  Dungoil  (l.'tflO  feet,  Fig. 
128).  Further  west,  among  the  Kilpatrick  Hills,  Iwsses  of  this  kind  are 
still  more  numerous.  The  group  itf  bosses  near  Ancrum  and  Jedbui^h  is 
mainly  made  up  of  olivine-dolerites  and  olivine-basalts  (Fig.  i:iO).  This  moi-e 
Ijasic  composition  of  itself  suggests  that  these  bosses  may  be  connectetl  rather 
with  the  puy-  than  with  the  plateau-eruptions. 

'  See  "Geology  ofEaat  Lothiftn,"  Geological  Sareey  ifcntoir,  p.  40. 
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{c)  Necks  of  Composite  Character. — In  not  a  few  examples,  the  vents 
have  been  filled  with  agglomerate  which  has  been  pierced  by  a  plug  or  veins 
of  lava-form  material.  Many  illustrations  of  this  composite  structure  may 
be  observed  along  the  west  front  of  the  great  escarpments  from  Fintry  to 
Ardrossan  (see  Figs.  124,  125,  127  and  128).  In  that  region  the  intruded 
rock  is  often  a  dull  yellowish  or  grey  trachytic  or  andesitic  material. 
Olivine-basalt  is  the  chief  rock  intruded  in  the  vents  in  the  Dumbarton 
district.  Among  the  Eoxburghshire  vents,  where  the  injected  material  is 
commonly  olivine-basalt  or  dolerite,  it  occasionally  happens,  as  in  Eubers  Law, 
that  the  uprise  of  the  lava  has  almost  entirely  cleared  out  or  concealed  the 
agglomerate,  and  in  some  of  the  bosses,  where  no  agglomerate  is  now  to  l>e 
seen,  the  basalt  may  have  taken  its  place  (Fig.  130). 

The  largest  and  most  interesting  vents  connected  with  this  type  of 
Carboniferous  volcano,  are  those  which  occur  within  the  limits  of  the 
plateaux,  where  they  are  still  surrounded  with  lavas  and  tuflfs  that  prob- 
ably came  out  of  them.  Of  these  by  far  the  most  extensive  and  remark- 
able lies  among  the  high  moorlands  of  Kenfrewshire  between  Largs  and 
Lochwinnoch,  where  the  ground  rises  to  more  than  1700  feet  above  the 
sea  (see  Fig.  129).  This  area,  as  already  remarked,  is  unfortunately  much 
Dbscured  with  drift  and  peat,  so  that  the  limits  of  its  rocks  cannot  be  so 
satisfactorily  traced  as  might  be  desired.  I  think  it  probable  that  several 
successive  vents  have  here  been  opened  close  to  each  other,  but  their  erupted 
ashes  probably  cannot  be  distinguished.  Over  a  space  measuring  about  four 
miles  in  length  by  two  and  a  half  in  breadth,  the  rocks  exposed  at  the 
surface  are  fine  tuffs,  breccias  and  coarse  agglomerates,  largely  made  up  of 
trachytic,  andesitic  or  felsitic  material,  and  pierced  by  innumerable  protrusions 
of  various  andesitic,  trachytic  or  felsitic  rocks  in  bosses  and  veins,  as  well 
as  also  by  dykes  of  a  more  basic  kind,  such  as  dolerites  and  basalts.  Some 
of  the  tuffs  present  a  curiously  indurated  condition  ;  and  they  are  frequently 
much  decayed  at  the  surface.^  Another  large  mass  of  tuff  and  agglomerate 
lies  a  little  to  the  south-west  of  the  main  area. 

After  the  explosions  ceased,  by  which  the  vents  were  opened  and  the 
cones  of  debris  were  heaped  up,  heated  vapours  would  in  many  cases,  as  in 
modern  volcanoes,  continue  for  a  long  while  to  ascend  in  the  funnels.  The 
experiments  of  Daubr^'e  on  the  effects  of  water  and  vapour  upon  silicates 
under  great  pressure  and  at  a  low  red  heat,  have  shown  how  great  may 
be  the  lithological  changes  thereby  superinduced.  It  is  improbable  that 
where  a  mass  of  tuff  and  lava,  lying  deep  within  a  volcanic  vent,  was 
thoroughly  permeated  with  constantly  ascending  heated  vapours,  it  should 
escape  some  kind  of  change.  I  am  inclined  to  attribute  to  this  cause  the 
frequent  conversion  of  the  sandstones  round  the  walls  of  the  vents  into 
quartzite.  The  most  remarkable  example  of  metamorphism  within  a  vent 
which  I  have  observed  among  the  plateaux,  occurs  in  the  heart  of  the 
Campsie  Fells,  where,  instead  of  forming  a  prominence,  the  neck  is  marked 

*  This  tract  of  ground  was  mapped  for  the  Geological  Survey  by  Mr.  R.  L.  Jack,  now  in  charge 
of  the  Geological  Survey  of  Queensland.     See  Sheet  31,  Geological  Survey  of  ScUland. 
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by  a  great  hollow,  raeasuring  about  a  mile  in  length  and  half  a  mile  in 
breadth  (Fig.  128).^  It  is  occupied  mainly  by  a  coarse  tumultuous  agglo- 
merate, like  that  of  other  necks  in  the  same  district,  but  with  a  matrix 
rather  more  indurated,  and  assuming  in  certain  parts  a  crystalline  texture, 
so  as  to  be  at  first  sight  hardly  distinguishable  from  some  of  the  surrounding 
andesites.  Even  in  this  altered  condition,  however,  its  included  fragments 
may  be  recognized,  particularly  blocks  of  sandstone  which  have  been 
hardened  into  quartzite.  Numerous  small  veins  of  pink  and  yellow  trachyte 
traverse  the  agglomerate,  and  are  found  also  cutting  the  bedded  andesites 
that  encircle  it. 

3.    DYKES    AND    SILLS 

Intrusive  masses  both  in  the  form  of  dykes  and  of  sills  are  of  frequent 
occurrence  in  connection  with  the  Carboniferous  volcanic  plateaux.  From 
the  variety  of  their  component  materials  it  may  be  inferred  that  these  rocks 
belong  to  different  ages  of  intrusion. 

Dykes. — The  great  majority  of  the  Dykes  consist  of  trachyte  or  of 
andesite,  resembling  in  lithological  characters  the  material  of  the  necks  and 
doubtless  connected  with  its  uprise.  There  occur  also  dykes  of  diabase, 
basalt  or  dolerite.  Some  of  the  latter,  especially  those  which  run  for  many 
miles,  cutting  every  rock  in  the  districts  in  which  they  occur,  and  crossing 
large  faults  without  deviation,  are  certainly  long  posterior  to  the  plateau 
volcanic  period.  Whether  the  small  inconstant  dykes  of  more  basic  com- 
position, found  in  the  same  districts  with  the  trachytes,  are  to  be  looked 
upon  as  part  of  the  volcanic  phenomena  of  the  plateaux,  is  a  question  to 
which  at  present  no  definite  answer  can  be  given.  I  shall  have  occasion  to 
show  that  in  the  next  volcanic  period  the  lavas  that  flowed  from  the  puys 
are  more  basic  than  most  of  those  of  the  plateaux,  and  that  they  are 
associated  with  more  basic  dykes  and  sills.  In  Eoxburghshire,  where  it  is 
so  difficult  to  distinguish  between  the  denuded  vents  of  the  two  periods, 
the  dark  heavy  olivine-basalts  and  dolerites  of  the  bosses  may  possibly 
belong  rather  to  the  later  than  to  the  earlier  volcanic  episode.  And  if 
that  be  their  true  age,  the  dykes  of  similar  material  may  be  connected 
with  them.  At  the  same  time  it  must  be  remembered  that  the  earliest 
eruptions  of  the  plateaux  were .  markedly  basic,  that  many  vents  in  the 
plateaux  are  pierced  by  basic  intrusions,  and  that  basic  dykes  may  have  been 
associated  with  the  uprise  of  the  same  magma. 

The  dykes  occur  in  considerable  numbers  and  in  two  distinct  positions, 
though  these  may  be  closely  related  to  each  other:  1st,  among  the  rocks 
outside  and  beneath  the  plateau-lavas,  or  cutting  these  lavas;  and  2nd,  in 
and  around  the  vents. 

1.  Among  the  rocks  which  emerge  from  under  the  Carboniferous 
volcanic  plateaux,  dykes  are  sometimes  to  be  observed  in  considerable 
numbers.     They  may  be  compared  to  the  far  more  extensive  series  con- 

*  See  Explanation  to  Sheet  31,  Geological  Survq/  of  Scotland,  par.  21  (1878). 
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nected  with  the  Tertiar}'  basalt-plateaux,  like  which  they  may  have  had  a 
close  relation  to  the  actual  building  up  of  the  successive  sheets  of  andesite, 
trachyte  and  basalt  that  were  erupted  at  the  surface.  They  are  particularly 
well  developed  in  the  Clyde  plateau,  where  by  extensive  denudation  they  have 
been  admirably  exposed.  I  would  especially  refer  to  those  that  traverse  the 
tract  of  red  sandstones  which  underlie  the  volcanic  series  along  the  flanks  of  the 
great  escarpments  from  Fintrj'  to  Strathblane  and  Dumbarton,  and  between 
Gourock  and  Ardrossan.  These  dykes  have  been  dissected  by  the  sea  along 
both  sides  of  the  estuary  of  the  Clyde  and  in  the  islands  of  Cumbrae.  In  these 
islands  and  in  Bute  they  have  recently  been  mapped  in  great  detail  for  the 
Geological  Survey  by  my  colleague,  Mr.  W.  Gunn,  who  has  supplied  me  with 
notes  of  his  observations  on  the  subject,  from  which  the  following  summary 
is  compiled. 

"  There  are  at  least  four  distinct  groups  of  intrusive  rocks  in  the  Greater 
Cumbrae.  The  oldest  of  these  is  trachytic  in  character,  and  occurs 
both  as  dykes  and  sheets,  which  run  generally  in  the  same  E.N.E.  direction. 
The  rock  is  usually  pinkish  in  colour,  sometimes  grey  or  purplish.  A 
specimen  from  the  dyke  of  the  Hawk*s  Nest,  north  of  Farland  Point, 
analyzed  by  Mr.  Teall,  was  found  to  contain  11  per  cent  of  alkalies, 
principally  potash,  while  the  percentages  of  lime  and  iron  were  very  low. 
Sometimes  these  rocks  are  fine  in  grain  with  only  a  few  porphyritic  ortho- 
clase  crystals,  though  numerous  small  crystals  of  this  mineral  are  found 
with  the  aid  of  the  microscope.  These  red  trachyte  dykes  are  almost  con- 
fined to  the  Upper  Old  Eed  Sandstone,  rarely  entering  the  overlying  white 
Calciferous  Sandstones,  and  never  invading  the  plateau-lavas.  They  are 
therefore  probably  of  early  Carboniferous  age. 

"  The  next  group  follows  the  same  general  direction,  but  clearly  traverses 
the  trachytes,  and  must  therefore  be  of  later  date.  The  dykes  of  this  group 
are  the  most  numerous  of  the  whole,  the  greater  part  of  the  island  being 
intersected  by  them.  In  the  north-east  comer  about  40  of  them  may  be 
counted  in  half  a  mile  of  coast-line,  some  being  of  large  size.  All  of  them 
which  can  be  clearly  made  out  are  porphyritic  olivine  -  basalts  of  the 
type  of  the  Lion's  Haunch  at  Arthur's  Seat.  They  are  generally  grey  in 
colour  and  finer  at  the  edges  than  in  the  centre,  which  is  often  coarsely 
porphyritic  and  amygdaloidal.  Olivine  seems  always  characteristic,  but  has 
often  been  replaced  by  haematite  or  calcite.  In  Bute  a  good  many  dykes 
have  been  mapped  to  the  north  of  Kilchattan  Bay  resembling  this  basalt 
series  of  Cumbrae,  and  running  in  the  same  direction.  But  they  appear  to 
be  all  porphyritic  andesites.  The  second  group  of  dykes,  though  it  cuts 
the  first  and  is  thus  proved  to  be  later  in  date,  is  nevertheless  confined 
within  the  same  stratigraphical  limits.  It  may  thus  belong  nearly  to  the 
same  period  of  intrusion. 

"  The  dykes  of  the  third  group  are  dolerites  without  olivine,  and  follow 
on  the  whole  an  east  and  west  direction.  They  cut  both  of  the  two  fore- 
going sets  of  dykes,  and  likewise  the  lavas  of  the  plateau.  They  must  thus 
belong  to  a  far  later  period  of  intrusion.     They  may  be  connected  with 
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other  (iykea  and  silk  on  the  inaiiilaiid,  whicli  tmverse  tlie  roal-ineasiires, 
and  would  thus  be  not  older  than  late  Carlioniferoua  ot  I'eruiian  time. 

"Tlie  fourth  j,Toiip  of  dykes  intersectH  all  tlie  othei-a,  and  ia  proI>ably  of 
Tertiary  age.  The  }>revaleiit  diret-tion  of  these  dykes  in  the  Cumbraes  \^ 
X.N.W."     Tlie  Tertiaiy  dykes  ni-e  more  fully  described  ia  Clmpt«ra  xx.xiv. 

XXXV. 

The  great  fpoup  of  tuft's  whioli  luiderlies  the  lavas  of  the  Ewfit  Lothian 
]jlateau  is  traversed  bj'  nnmeious  dykes  and  sills,  of  which  many  good 
<^xumples  may  l>e  seen  in  the  coast-cliffs  of  North  Berwick.  Amon^  these 
rocks  are  beautiful  olivine -basalts  with  singularly  fresh  olivine,  as  on  the 
shore  at  Norlli  ISeiwick.  iiwme  of  them  are  still  more  basic,  as  in  the  ciise 
of  a  liniburyite  intrusion  at  the  Gin  Head,  Tnntnllon  Castle. 

2.    tn    the    necks,  dykes   arc  sometimes  abundant,  and  they  may  Ite 


Kcufrew shire  lent. 


observed  occasionally  to  tntviT.se  the  surrounding  lavas.  They  consist  of 
similar  nmterials  t-n  those  fouml  outside  the  |ilateiiiix.  Some  of  the  lai^r 
nifka  ni-e  interseclcd  by  a  network  of  dykes  and  veins.  The  great  vent  or 
group  of  vents  aniong  the  uplauils  of  llenfrcwsbirc,  already  described  (Fig. 
129),  furnishes  some  admirable  examples  of  this  characteristic  volcanic 
feature.  An  ilhistriition  from  that  locality  forms  the  subject  of  Fig.  134. 
The  agijlomerate  wJiieh  tills  the  large  bcillow  among  the  Campsie  Hills  may 
be  ([uoted  as  another  illustnition  (Fig.  128).  Further  instances  will  be 
found  in  .some  of  the  stN?ti"n»  given  in  prcivding  pages  (sec  Figs.  124, 
125,  127).  The  general  asjiect  of  a  dyke  in  the  volcanic  series  is  shown 
in  Kig.  1.''."i. 

Tlie  Sills  as.«i niat^'d  with   the  ]ihtteau-tyii*'  of  (.'arljonil'erous    volcanic 
action    form    a   less   jmimiiu-iit    teatnre   tbun    they   do   among   the    earlier 
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Palaeozoic  formations  or  in  the  puy  -  type  which  succeeded  them.  They 
consist  in  general  of  short  lenticular  sheets  of  andesite  or  trachyte,  like  the 
necks  and  dykes  in  proximity  to  which  they  commonly  appear.  The  best 
area  for  the  study  of  them  is  the  ground  which  stretches  out  from  the 
base  of  the  great  escarpments  of  the  Campsie,  Kilpatrick  and  Ay  rehire 
Hills  (Fig.  136),  where,  among  the  agglomerate-vents  and  abundant  dykes, 
intrusive  sheets  have  likewise  been  injected  between  the  bedding-planes  of 
the  red  sandstones.  But  these  sheets  are  of  comparatively  trifling  dimensions. 
Very  few  of  them  reach  a  mile  in  length,  the  great  majority  falling  far 
short  of  that  size.      In  the  Cumbraes  and  in  Bute,  Mr.  Gunn  has  observed 
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Fig.  136. — Trachytic  sills,  Kuockvatlie,  Kilpatrick  Hills. 

a,  Upper  Old  Red  Saudstone  ;  2.  "  Ballagan  Be<U"  ;  3.  Tuffs ;  4.  Lavas  of  tlie  Plateau  ;  5.  Agglomerate  of  necks  ; 

G.  Trachyte  sills  ;  7.  Dolerite  dyke  (?  Tertiary). 

that  the  trachytic,  olivine-basalt  and  dolerite  dykes  are  apt  to  pass  into 
intrusive  sheets.  That  the  sills,  as  well  as  the  dykes  and  bosses  of  the 
same  material,  are  not  of  older  date  than  the  lavas  of  the  plateaux  is  proved 
by  the  manner  in  which  they  jiierce  these  lavas,  especially  towards  the 
bottom  of  the  series.  The  general  absence  of  basic  sills,  when  we  consider 
how  thick  a  mass  of  these  rocks  has  sometimes  been  poured  out  in  the 
plateaux,  is  not  a  little  remarkable.  Only  in  the  Imsin  of  the  Firth  of 
Forth  do  we  encounter  thick  basic  sills  near  the  plateaux,  such,  for  instance, 
as  Salisbur}^  Crags  at  Edinburgh.  But  it  is  doubtful  whether  they  ought 
not  rather  to  be  classed  with  the  sills  of  the  puys,  to  be  afterwards 
described. 

Close  of  the  Plateau-eruptions 

The  relative  geological  date  when  the  eruptions  of  each  plateau  ceased 
can  fortunately  be  determined  with  much  more  precision  than  the  time  of 
their  beginning.  The  Hurlet  Limestone,  so  well  known  as  the  lowest  thick 
calcareous  seam  in  the  Carboniferous  Limestone  series,  of  which  it  is 
generally  taken  as  the  base,  can  be  identified  over  the  whole  of  Central 
Scotland,  and  thus  forms  an  excellent  stratigraphical  horizon,  from  which  the 
upward  termination  of  the  volcanic  sheets  underneath  it  can  be  measured. 

When  the  volcanic  episode  of  the  plateau-eruptions  came  to  an  end, 
such  banks  or  cones  as  rose  above  the  level  of  the  shallow  sea  which  then 
overspread  Central  Scotland  were  brought  beneath  the  water,  as  I  have 
already  remarked,  either  by  prolonged  denudation  or  more  probably  in  large 


CllAP.  XXV 


CLOSE  OF  THE  PLATEAU-ERUPTIONS 


411 


part  by  the  continued  subsidence  of  the  region.  The  downward  movement 
may  possibly  for  a  time  have  been  accelerated,  especially  in  some  districts. 
Thus  the  Hurlet  Limestone,  though  usually  not  more  than  five  or  six  feet 
thick,  increases  locally  to  a  much  greater  thickness.  At  Petersfield,  near 
Bathgate,  for  example,  it  is  between  70  and  80  feet  in  depth,  while  at 
Beith,  in  North  Ayrshire,  it  increases  to  100  feet  (Fig.  137),  which  is  the 
thickest  mass  of  Carboniiferous  Limestone  known  to  exist  in  Scotland.     At 


Fi(J.  137. — Section  across  the  edge  of  the  Cly»le  plateau,  south-east  of  Beith. 

1    riateau-lavtis  ;  2.  Tiiffii  and  volcanic  cnngloroerat^M  ;  3.  Hurlft  LinieKti*ne  ;  4.  Coal-bearinK  strata  above  the 

limestone ;  0.  Dolerite  dyke. 

both  of  these  localities  the  limestone  lies  upon  a  series  of  volcanic  rocks, 
and  we  may  perhaps  infer  that  the  subsidence  advanced  there  somewhat 
more  rapidly  or  to  a  greater  extent,  so  as  to  form  hollows  in  which  the 
limestone  could  gather  to  an  abnormal  depth.  The  water  would  appear  to 
have  become  for  a  time  tolerably  free  from  mechanical  sediment.  The 
limestone  is  hence  comparatively  pure,  and  is  extensively  quarried  all  over 
the  country  for  industrial  purposes.  It  is  a  crinoidal  rock,  abounding  in 
many  species  of  corals,  brachiopods,  lamellibranehs,  and  gasteropods,  with 
trilobites,  cephalopods,  and  fishes. 

A  variable  thickness  of  strata  intervenes  between  the  top  of  the  volcanic 
series  and  the  Main  Limestone.  Sometimes  these  deposits  consist  in  large 
measure  of  a  mixture  of  ordinary  sandy  and  muddy  material  with  the 
washed-down  tuff  of  the  cones,  and  probably  with  volcanic  dust  and  lapilli 


Njfi. 
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Fio.  138. — Section  across  the  upper  part  of  the  Clyde  plateau  at  Kilbimie,  Ayrsliin*. 
1  1.  Plateau-lavas;  2  *-».  Tuffs;  :J  3.  Hurlet  Limestone;  4  Dlack-lmnd  Ironstone,    //.  Faults. 

thrown  out  by  the  latest  eruptions.  Thus  along  the  flank  of  the  hills  fron^ 
Barrhead  to  Strathavon,  yellow  and  green  ashy  sandstones,  grits  and  con- 
glomerates are  succeeded  by  ordinary  sandstones,  black  shales  and  ironstones, 
while  here  and  there  true  volcanic  tuff  and  conglomerate  make  their  appear- 
ance.^ Further  west,  in  the  Kilbimie  district,  the  limestone  lies  directly  on 
the  tuffs  that  rest  upon  the  andesites  (Figs.  137,  138). 

1  Explanation  of  Sheet  22,  OtiiL  Surv.  Scotiand,  p.  12. 
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But  perhaps  the  most  striking  contrast  between  adjacent  localities  in 
regard  to  the  distance  between  the  limestone  and  the  top  of  the  volcanic 
series  is  to  be  observed  along  the  southern  front  of  the  Campsie  Fells.  In 
spite  of  the  abundant  faults  which  have  there  so  broken  up  the  regular 
sequence  of  the  rocks,  we  can  see  that  at  Banton  and  Bumhead  the  lime- 


Fio.  139. — Section  across  the  upper  surface  of  the  Cly<le  volcanic  plateau,  Burnhead,  north-west  of 

Kilsyth. 

1.  Jjavas  of  the  p1at<^u  ;  2.  Tuffs;  3.  Ilurlot  Limestone ;  4.  Hosie'g  Limestone.    /,  Fault. 

stone  lies  almost  immediately  on  tlie  volcanic  series  (Fig.  139).  But  a 
little  to  the  westward,  sandstones,  conglomerates,  shales  and  thin  limestones 
begin  to  intervene  between  the  volcanic  series  and  the  Hurlet  Limestone 
and  swell  out  so  rapidly  that  on  Craigmaddie  Muir  and  South  Hill  of 
Campsie,  only  some  five  miles  off,  they  must  form  a  total  thickness  of  not 


Fkj.  140. — Section  across  the  upper  surface  of  the  (Myile  volcanic  plateau  at  Campsie. 

1.  Shales,  samlstoncs,  cempnt-stoiu^s,  otc.  ("  Balla^n  Bi'ds  ") ;  2.  Ivavasof  the  plateau;  3.  Tliick  white 
sandstone  and  coriKloinerate  ;  4.  Hurlot  Limestono  ;  f>.  H<»sie's  Limestone  ;  /.  Fault. 

less  than  from  GOO  to  800  feet  of  ordinary  non-volcanic  deposits,  chiefly 
thick  pel)bly  sandstones  (Fig.  140).  Such  local  variations  not  improbably 
serve  to  indicate  hollows  on  the  flanks  of  the  plateaux  that  were  filled  up 
with  detritus  before  the  depression  and  clearing  of  the  water  that  led  to  the 
deposition  of  the  Hurlet  Limestone. 

I  have  already  remarked  that  the  eruptions  of  the  plateau  period  lasted 


Fkj.  141. — Section  across  western  edge  of  the  Garleton  plateau. 
1.  Tracliyte  lavas  of  the  plat«»uu  ;  2.  Calci fe runs  Sandstones  ;  3,  Hurlet  Limestone. 

longer  in  the  western  than  in  the  eastern  parts  of  the  region.  In  the 
Garleton  district,  where  the  i)eculiar  viscous  trachytic  lavas  probably  gave 
rise  to  a  more  uneven  surface  or  more  prominent  cones  than  was  usual 
among  the  andesitic  plateaux,  the  eniptions  ceased  some  time  before   the 
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deposition  of  the  Hurlet  LimeBtoiic.  As  the  area  sank, 
of  the  Oalciferous  Sandstones  crept  over  the  tianks  of 
the  trachytes,  until  at  last  they  had  completely  huried 
these  rocks  before  the  limestone  spread  over  the  area 
(Fig.  141).  In  consequence,  probably,  of  the  uneven 
Burlace  of  this  plateau,  there  is  here  a  strong  overlap 
of  the  liigher  part  of  the  Calciferous  Sandstones.  On 
the  west  side  of  the  volcanic  area  there  can  hardly 
be  more  than  some  200  feet  of  strata  between  the 
top  of  the  trachytic  series  and  the  limestone,  while 
on  the  south  side  there  must  be  greatly  more  than 
that  thickness.  This  structure  probably  indicates  that 
the  Gorleton  volcanoes  became  extinct  after  having 
piled  up  a  mass  of  tuffs  and  lavas  to  such  a  height 
that  its  Buininits  were  not  submerged  until  the  area 
had  subsided  800  or  1000  feet  in  the  waters,  over  the 
floor  of  which  the  Calciferous  Sandstones  were  laid 
down.  Hence,  in  apite  of  the  proximity  of  the  lavas 
to  the  limestone,  there  may  have  been  a  vast  interval 
of  time  between  their  respective  epochs,  as  has  been 
already  ai^gested  with  regard  to  other  plateaux. 
This  subject  will  be  again  referred  to  in  discussing 
the  relative  chronology  of  the  plateaux  and  puys. 

In  the  Berwickshire  and  Sulway  districts,  the 
extinction  of  the  plateau-vents  appears  to  have  taken 
place  at  a  still  earlier  part  of  the  Carboniferous  period, 
for  there  the  andesiles,  wMlo  they  rest  on  the  Upiier 
Old  Hed  Sandstone,  are  covered  with  at  least  the 
higher  group  of  the  Calciferous  Sandstones  (Fig.  142). 
The  e(|uivalent  of  tlie  Hurlet  Limestone  of  Central 
Scotland  must  lie  many  hun{lred  feet  above  them. 

The  submergence  of  the  plateaux,  and  their  en- 
tombment under  the  thick  Carboniferous  Limestone 
series,  did  not  mark  the  close  of  volcanic  activity 
in  Central  Scotland  during  Carboniferous  time.  The 
plateau-type  of  eruption  ceased  and  was  not  re^yeated, 
but  a  new  type  arose,  to  which  I  would  now  call  the 
reader's  attention. 
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CHAPTER   XXVI 

THE    CARBONIFEROUS    PUYS    OF    SCOTLAND 

i.  General    Character   and    Distribution    of    the    Pays ;     ii.  Nature    of    the    Materials 
Eruj)ted — Lavas  Ejected  at  the  Surface — Intrusive   Sheets — Necks   and    Dykes- 
Tuffs. 

i.    GENERAL    CHARACTER    AND    DISTRIBUTION 

After  the  beginning  of  the  Carboniferous  Limestone  period,  when  eruptions 
of  the  plateau-type  had  generally  ceased,  volcanic  activity  showed  itself  over 
the  area  of  the  British  Isles  in  a  different  guise  both  as  regards  the  nature 
of  its  products  and  the  manner  and  scale  of  their  discharge.  Instead  of 
widely  extended  lava-sheets  and  tuffs,  piled  above  each  other  sometimes  to  a 
thickness  of  many  hundred  feet,  and  stretching  over  hundreds  of  square 
miles,  we  have  now  to  study  the  records  of  another  phase  of  volcanisin, 
where  scattered  groups  and  rows  of  Puys,  or  small  volcanic  cones,  threw  out 
in  most  instances  merely,  tuffs,  and  these  often  only  in  trifling  quantity, 
though  here  and  there  their  vents  also  poured  forth  lavas  and  gradually 
piled  up  volcanic  ridges  which,  in  a  few  cases,  almost  rivalled  some  of  the 
plateaux.  The  evidence  for  these  less  vigorous  manifestations  of  volcanic 
activity  is  furnished  (1)  by  layers  of  tuff  and  sheets  of  basaltic-lavas  inter- 
calated among  tlie  strata  that  were  being  deposited  at  the  time  of  the 
eruptions,  (2)  by  necks  of  tuff,  agglomerate,  or  different  lava-form  rocks  that 
mark  the  positions  of  the  orifices  of  discharge,  and  (3)  by  sills,  bosses,  and 
dykes  that  indiciite  tlie  subterranean  efforts  of  the  volcanoes.  The  com- 
paratively small  thickness  of  the  accumulations  usually  formed  by  these 
vents,  their  extremely  local  character,  the  numerous  distinct  horizons  on 
which  they  appear,  and  the  intimate  way  in  which  they  mingle  and  alternate 
with  the  ordinary  Carboniferous  strata  are  fciitures  which  at  once  arrest  the 
attention  of  the  geologist,  presenting,  as  they  do,  so  striking  a  contrast  to 
those  of  the  plateaux. 

From  the  clear  intercalation  of  these  volcanic  materials  on  successive 
platforms  of  the  Carboniferous  system,  the  limits  of  geological  time  within 
which  they  were  erupted  can  be  fixed  with  considerable  precision.  It  may 
l)e  said  that,  in  a  broad  sense,  they  coincided  with  the  period  of  the 
Carboniferous  Limestone,  and  certainly  it  was  during  the  deposition  of  that 
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formation  that  the  eruptions  which  produced  tliem  reached  their  greatest 
vigour  and  widest  extent.  Here  and  there  in  Scotland  evidence  may  be 
found  that  tlie  phase  of  the  Puys  began  during  that  earlier  section  of 
Carboniferous  time  recorded  by  the  Calciferous  Sandstones.  This  is 
markedly  the  case  in  Liddesdale  and  the  neiglibouring  territory.  Over 
the  western  part  of  Midlothian  also,  the  eastern  portion  of  West  Lothian, 
and  the  southern  margin  of  Fife,  abundant  traces  occur  of  puy-eruptions 
during  the  deposition  of  the  Calciferous  Sandstones.  Elsewhere  in  Central 
Scotland  there  is  no  evidence  of  the  vents  having  been  opened  until  after 
the  deposition  of  the  Hurlet  Limestone,  which,  as  we  have  seen,  may  con- 
veniently be  taken  as  the  base  of  the  Scottish  Carboniferous  Limestone 
series.  The  volcanoes  remained  active  in  West  Lothian  until  near  the  close 
of  the  time  represented  by  that  seiies ;  but  in  Ayrshire  they  continued  in 
eruption  until  the  beginning  of  the  accumulation  of  the  Coal-measures. 
These  western  examples  of  the  puy-type  are,  so  far  as  I  am  aware,  the 
latest  known  in  Britain. 

Whether  or  not  the  earliest  puy-eruptions  began  before  the  latest 
plateau-lavas  and  tuffs  were  accumulated  is  a  question  that  cannot  be  readily 
answered.  It  will  be  remembered  that  in  the  basin  of  the  Firth  of  Forth 
a  thickness  of  more  .than  3000  feet  of  sedimentary  strata,  including  the 
Burdiehouse  Limestone  and  numerous  oil-shales  as  well  as  thin  coal-seams, 
lies  above  the  red  and  green  marls,  shales,  sandstones  and  cement-stones  of 
the  Calciferous  Sandstone  series.  This  remarkable  assemblage  of  strata  is 
absent  in  the  western  parts  of  the  country,  where  the  top  of  the  Clyde 
volcanic  plateau  is  almost  immediately  overlain  by  the  Hurlet  Limestone. 
If  we  were  to  judge  of  the  sequence  of  events  merely  from  the  stratigraphy, 
as  expressed  in  such  sections  as  Figs.  137,  138,  139  and  140,  we  might 
naturally  infer  that  as  no  trace  of  any  break  occurs  at  the  top  of  the  Clyde 
plateau,  the  tuffs  shading  upward  there  into  the  limestone  series,  no 
important  pause  in  sedimentation  took  place,  but  that  the  last  volcanic 
eruptions  were  soon  succeeded  by  the  conditions  that  led  to  the  deposition 
of  the  widespread  encrinite-limestones.  If  this  inference  were  well  founded 
it  would  follow  that  while  the  plateau-erujitions  in  the  west  lasted  till  the 
time  of  tlie  Hurlet  Limestone,  those  in  the  east  ceased  long  before  that  time 
and  were  succeeded  by  the  puys  of  Fife  and  the  Lothians.  Tliere  would 
thus  be  an  overlap  of  the  two  phases  of  volcanic  action. 

I  am  inclined  to  believe,  however,  that  in  spite  of  the  superposition 
of  the  Hurlet  Limestone  almost  immediately  upon  the  volcanic  rocks  of 
the  Clyde  plateiiu,  and  the  absence  of  any  trace  of  a  break  in  the  process  of 
sedimentation,  a  long  interval  nevertheless  elapsed  between  the  hist  erup- 
tions and  the  deposit  of  that  limestone.  The  Campsie  section  (Fig.  140) 
shows  us  how  rapidly  a  thick  mass  of  strata  can  come  in  along  that  horizon. 
The  volcanic  ridges  may  have  remained  partly  unsubmei-ged  for  such  time 
as  was  required  for  the  subsidence  of  the  Forth  btusin  and  the  deposit  of  the 
thick  Calciferous  Sandstone  series  there,  and  their  summits  may  only  have 
finally  sunk  under  the  sea  not  long  before  the  Hurlet  Limestone  grew  as  a 
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continuous  floor  of  calcareous  material  over  the  whole  area  of  central  Scot- 
land. In  these  circumstances,  the  puy-eruptions  of  that  basin  would  be 
long  subsequent  to  the  eruptions  of  the  Clyde  plateau,  as  they  certainly 
were  to  those  of  the  plateaux  of  Midlothian  and  the  Garleton  Hills. 

In  tracing  the  geographical  distribution  of  the  puy-eruptions  we  are  first 
impressed  with  the  force  of  the  evidence  for  their  extremely  local  and 
restricted  character  (Map  IV.).  Thus  in  the  area  of  the  basin  of  the  Firth 
of  Forth,  which  may  be  regarded  as  the  typical  region  in  Britain  for  the  study 
of  this  form  of  Carboniferous  volcano,  traces  of  them  are  abundant  to  the 
west  of  the  line  of  the  Pentland  Hills.  To  the  east  of  that  line,  however,  not 
a  vestige  of  puy-eruptions,  save  a  few  sills  of  uncertain  relationhip,  can  be 
detected,  though  the  same  series  of  stratigraphical  horizons  is  well  developed 
on  both  sides  of  the  Lothian  coal-field.  Again,  to  the  westward  of  the 
Forth  basin  over  the  area  of  Stirlingsliire,  Lanarkshire  and  Renfrewshire 
lying  to  the  north  of  the  great  volcanic  plateau,  no  record  of  puy-eruptions 
has  been  noticed.  Immediately  to  the  south  of  that  plateau,  however,  these 
eruptions  were  numerous  in  the  north  of  Ayrshire.  Yet  the  rest  of  the 
Carboniferous  area  in  that  large  county  has  supplied  no  relics  of  these 
eruptions  save  at  one  locality — the  Heads  of  Ayr.  Lastly,  while  no  trace 
of  any  younger  display  of  volcanic  activity  occurs  in  the  Merse  of  Berwick- 
shire, east  of  the  plateau  series  of  that  district,  the  ground  immediately  to 
the  west  abounds  in  puys,  and  contains  likewise  extensive  sheets  of  tuff  and 
beds  of  basic  lavas  connected  with  these  vents. 

Another  fact  which  at  once  attracts  notice  in  Scotland  is  the  way  in 
which  the  puy-vents  have  generally  avoided  the  areas  of  the  plateaux, 
though  they  sometimes  approach  them  closely.  As  a  rule,  it  is  possible 
to  distinguish  the  tuffs  and  agglomerates  which  have  tilled  up  these  vents 
from  those  that  mark  the  sites  of  the  eruptive  orifices  of  the  plateaux. 
There  are,  no  doubt,  some  instances,  as  in  Liddesdale,  where  puys  have 
appeared  on  the  sites  of  the  older  lavas,  but  these  are  exceptional  colloca- 
tions.^ On  the  other  hand,  many  examples  may  be  found  where  puys  have 
risen  in  the  intei-space  between  the  limits  of  the  eruptions  of  two  plateau- 
areas.  Thus  the  tract  between  the  Clyde  plateau-eruptions  on  the  west 
and  those  of  the  Garleton  Hills  on  the  east  was  dotted  over  with  puys. 
Again,  the  southern  margin  of  the  Clyde  plateau  in  Ayrshire,  from  Dairy  to 
Galston  is  flanked  with  puys  and  long  slieets  of  their  lavas  and  tuffs.^ 

ii.    NATURE    OF    THE    MATERIALS    ERUPTED 

A.  The  Lava- form  Rocks 

We  have  now  to  consider  the  nature  of  the  materials  erupted  by  the 
volcanic  activity  of  the  puys.     The  geologist  who  passes  from  the  study 

*  A  moans  of  definitely  placing  some  of  these  vents  in  the  series  of  puy-eruptions  is  stated 
further  on,  at  p.  476. 

-  Reference  may  again  be  made  here  to  the  remarkable  similarity  between  the  Scottish  Car- 
boniferous puy-vents  and  those  of  older  Tertiary  time  in  the  Swabian  Alps  so  fuUy  described  by 
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of  the  plateau  lavas  to  those  of  the  puys  at  once  remarks  the  prevalent 
more  basic  character  of  the  latter.  The  great  majority  of  them  are  basalts, 
generally  olivine-bearing,  in  the  various  types  embraced  in  the  table  on  the 
following  page.  The  olivine-free  dolerites  are  generally  found  as  intrusive 
bosses,  sills  and  dykes.  Sucli  more  acid  rocks  as  andesites  occur  only 
rarely,  and  still  more  seldom  are  quartziferous  masses  met  with  in  some  of 
tlie  bosses. 

DoLEKiTES  and  Basalts. — The  great  majority  of  the  lava-form  rcKjks 
connected  with  the  puys  are  basic  in  composition,  and  belong  to  the  family 
of  the  Dolerites  and  Basalts.  They  graduate,  on  the  one  hand,  into  ultra- 
basic  rocks  sucli  as  limburgite  and  picrite,  and  on  tlie  other,  into  compounds 
that  approach  andesites  or  trachytes  in  composition.  A  lai-ge  series  of 
specimens  from  Central  Scotland  was  studied  a  few  years  ago  by  Dr.  Hatcli, 
w^ho  proposed  a  petrographical  chissilication  of  the  rocks,  and  arranged  them 
in  a  number  of  types  which  he  named  after  localities  where  they  are  w^ell 
developed.^  More  recently  the  rocks  have  again  been  subjected  to  micro- 
scopic investigation  by  my  colleague  Mr.  Watts,  who,  confirming  generally 
Dr.  Hatch's  discriminations,  has  made  some  modifications  of  them.  He  has 
furnished  me  with  a  revised  classification  (p.  418),  based  on  purely  petro- 
graphical considerations.  The  doleritic  and  basaltic  series  may  be  grouped 
into  two  divisions,  one  with,  and  tlie  other  without,  olivine,  and  each  division 
may  be  further  separated  into  a  dolerite  group,  wliich  presents  an  ophitic  or 
subophitic  structure,  and  a  basalt-group  in  which  the  groundmass  is  made  up 
of  felspar  and  granular  augite,  and  possesses  the  "  intersertal  structure  "  of 
Rosenbusch,  or  consists  of  idiomorphic  augite  embedded  in  felspar  substance. 
The  term  "  sub-ophitic  "  is  employed  by  Mr.  Watts  "  to  imply  that  the 
augite  grains  are  neitlier  very  large  nor  very  continuous,  optically,  and  tliat 
they  rarely  contain  entire  felspar -crystals  imbedded  in  them,  merely  the 
ends  of  a  group  of  these  crystals  as  a  rule  penetrating  into  them." 

Transitional  forms  occur  between  many  of  the  following  types  by  the 
increase  or  diminution  in  the  relative  proportions  of  the  constituents.  Thus 
it  is  not  easy  to  draw  a  line  l>etween  26  and  2r;  the  latter  again  shades 
into  'Id  and  2c  by  tlie  decrease  of  tlie  felspar. 

Mr.  Watts  has  further  observed  that  tlie  rocks  contiuning  no  olivine 
offer  greater  difficulties  in  classification  than  those  in  which  tliat  mineral  is 
present.  "  The  very  distinction,"  he  remarks,  "  between  dolerites  and 
basalts  is  less  marked,  the  types  are  much  less  sharply  distinguished,  and 
decomposition  and  masking  of  the  stnicture  are  more  common.  While 
using  the  terra  Dolerite  for  such  rocks  as  have  a  sub-ophitic  structure,  I 
have  extended  it  to  those  rocks  in  which  evidence  exists  that  a  gi'cat  part 
of  the  cr}''stallization  t(X)k  place  under  intratelluric  conditions.     Although 

ProfeHSor  Brauco  in  tlu>  work  already  cited  p.  46.  Denudation  in  that  region  has  bared  the 
cones  and  exjwsed  the  structure  of  the  necks  which,  down  to  even  minute  details,  re|ieat  th<* 
phenomena  of  Carboniferous  and  Permian  time  in  Scotland. 

*  This  classification  was  given  in  my  Presidential  Address  to  the  Geological  Society,  1892, 
Quart,  Journ,  Geo/.  Sue.  vol.  xlviii.  p.  129.     See  Report  of  Geological  Survey  for  1896. 
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not  quite  holo-crystalline,  the  crystals  of  felspar,  augite  and  magnetite  are 
large  and  the  structure  coarse-grained,  while  the  groundmass  is  confined  to 
comparatively  small  interstitial  patches.  In  tliese  rocks  there  is  usually  no 
one  dominant  porphyritic  ingredient." 

I.  The  Olivine-bearing  Series 

1.  Olivine -Dolerites 

la.  Porphyritic  elements   inconspicuous,  olivine    being  the| 

principal,  and  felspar  of  secondary  importance  ;  ground-  j-Jedburgb  Type. 

mass  sub-ophitic.  j 

16.  Strongly  porphyritic  ;  felspar-phenocrysts  large  ;  olivine^ ^.,     ,,   q, 

smaller ;  groundmass  sub-ophitic.  j         J         ^  F^- 

If.    Porphyritic  olivine,  but  not  felspar;   groundmass   sub-'^p  ,,     .       rp  ^ 

ophitic.  J  "  ^   * 

2.  Olivine  -  Bamlts 

'2a.   Pori)hyritic  olivine,  augite  and  felspar  ;  groundmass  of)  Lion's  Haunch  Type. 

felspar-laths  imbedded  in  granules  of  augite.  /        (See  Fig.  207.) 

2h.  Porphyritic  olivine  and  augite  ;  groundmass  of  felspar- \ 

laths 'imbedclecl  in  granules  of  angite.     More  rarely  the  L,^.j^^^,,^j^  ^ 

groundmass  is  made  of  idiomorpliic  augite  imbedded  in 

felspar-substance.  j 

2c.    Porphyritic  olivine  abundant,  augite  much  less  ccnnmon,) 

and    fel8]>ar   very   rare  or    absent  ;    groundmass    with  I  i)„i^pnv  Tvtk- 

granular  or  idiomorphic  augite  (one  of  the  most  common  j     ^ 

types).  j 

2d.  Porphyritic  olivine  more  common  than  augite;   ground-^ 

mass  of  granules  of  augite  set  amongst  lath-like  felspars  ^-Picrite  Type. 

which  are  much  fewer  in  number  than  in  2c. 


2e.    Porphyritic  olivine  more  common  than  augite  ;  gi-ound-l 

mass    of    idiomor])hic   augite    imbedded    in    felspathic  -Liraburgite  Type, 
material  which  is  not  abundant.  ) 

2/.    Porphyritic  olivine  and  felspar,  without  augite  ;  ground-]  .    ^ 

mass    of   granular    or    idiomorphic    au^^ite,   with    lath- -    t^^"       i     •      •^^^'  ^-^. 
^         ^r^  ^  '^  For  analysis  see  p.  379). 

shaped  felspars.  j  ^  i  / 

II.  The  Non-olivin'e-bearing  Series 

3.   Olirine-free  JJolerites 

Felspar,  augite,  magnetite  in   coarse-grained  aggregate  usually  ophitic   or  sub- 
ophitic  ;  groundmass  not  plentiful. 
3a.  Groundmass  absent  ....  Ophitic  Type. 

36.  Groundmass  micropegmatitic         .  ,  .  Rfitho  Type. 

3c.   Groundmass  an  unstriated  felsj)ar  (not  orthoclase)  and] 

occasionally  some  interstitial  altered   glass  or  a   little  -Burntisland  Sill  Type. 

quartz.  J 

4.  Doleritic  Basalts 

Felspar,  augite  and  magnetite  in  coarse-grained  aggregate  ;   groundmass   rather 
more  plentiful  and  often  in  large  patches. 
4rt.  Felspar  and  augite,  related  sub-ophitically  where  together,^ 

but  augite  showing  crystalline  contours  in  contact  with  I  t»      j       tt-ii  rp 
the  groundmass  ;  some  interstitial  quartz  and  unstriated  j  yV^ 

felspar.  ) 
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5.   Basalts 

Finer-gi*ained  rocks,  j;enerally  with  a  porpliyritic  ingredient  and  niucli  scattered 
interstitial  matter  in  the  groundmass. 
5rt.  Porphyritic  felspar,    and    occasionally    a    little   augite  ;1 

groundmass   of   granular   augite,   felspar    needles   and  j-Binny  Craig  Type. 

magnetite  with  some  intei*8titial  matter. 
5/;.  Porphyritic  fekpars  not  consi)icuous  and  small ;  the  rock 

mainly  made   up  of  a  me.'^h    of  fine  felspar-laths  set  j-Tholeiite  Tyi)e. 

amongst  granular  augite,  magnetite  and  base.  J 

5c.  Similar  to  the  last  but  even  finer-grained,  iind  with  the\ ..       ^  .  ii-      m 

,  ^         ^  ,,.  ,.^P  '  Crvptocrystallme  Tviu*. 

base  m  a  cry ptocry stall ine  condition.  j     .  r       j  .  i 

Taking  first  the  superficial  lavas,  I  know  of  only  one  locality  where 
picrite  occurs  in  such  a  position  that  it  may  be  included  among  the 
surface  outflows.  This  is  the  quarry  near  Blackburn,  to  the  east  of  Bath- 
gate, wliere  I  originally  observed  it.^  The  rock  occurs  there  on  the  line 
of  the  basalt- flows  from  the  Bathgate  Hills,  and  I  ma})ped  it  as  one  of  them 
before  tlie  microscope  revealed  the  remarkable  composition  of  the  mass.  I 
still  believe  it  to  be  a  lava  like  the  "  leckstone"  described  on  p.  443,  though 
the  other  known  examples  of  this  rock  in  the  basin  of  the  Firth  of  Forth 
are  intrusive  sheets.  The  rock  locally  known  as  "  leckstone  "  or  "  lakestone  " 
has  long  been  quarried  for  the  purpose  of  constructing  tlie  soles  of  bakers' 
ovens,  as  it  stands  a  considerable  temperature  without  cracking.  Its  micro- 
scopic structure  is  now  well  known.  As  exposed  in  Blackburn  quarry,  an 
interesting  difference  is  observable  between  the  lower  and  upper  parts  of  the 
sheet.  Tlie  lower  iM>rtion  is  a  picrite,  with  abundant  serpenthiized  olivine, 
large  crystals  of  augite,  an<l  a  considerable  amount  of  ores.  The  upper 
portion,  on  tlie  other  hand,  has  plagioclase  as  its  most  abundant  definite 
mineral,  with  a  minor  (juantity  of  minute  prisms  of  augite  and  of  iron-ores, 
and  scattered  crystals  of  olivine.  Here,  within  the  compass  of  a  few  yards 
and  in  one  continuous  mass  of  rock,  we  have  a  transition  from  a  variety  of 
olivine-basalt  into  a  picrite. 

The  gi'eat  majority  of  the  puy  lavas  belong  to  the  olivine-bearing  series. 
A  few  of  them  are  dolerites,  but  most  are  true  l)asalts  of  the  Dalmeny  type, 
of  which  typical  examples  may  be  seen  at  the  Kirkton  quarries,  l^athgate, 
and  in  the  coast  section  between  Bettycur  and  Kinghorn.  Occasionally 
they  present  transitions  towards  j)icrite,  as  in  the  sheet  overlying  the  lowest 
limestone  at  Kirkton,  and  in  the  lowest  hiva  of  King  Alexander's  Crag, 
Burntisland.  These  jaiy  lavas  exhibit  considerable  variety  of  structure  as 
seen  in  the  field.  Some  an*  solid,  compact,  black  rocks,  not  infrequently 
columnar  an<l  weatliering  into  spheroidal  exfoliating  forms.  Others  are 
soniewliat  granular  in  texture,  acquiring  green  and  brown  tints  by  weather- 
ing, often  showing  amygdaloidal  kernels,  and  even  passing  into  well-marked 
amygdaloi<ls.  Many  of  tliem  exhibit  a  slaggy  structure  at  tlieir  upper  and 
under  surfaces  (Figs.  153,  170,  171).     Tliese    external  differences  are   an 

*  Trans.  Hoy.  Soc.  Etlin.  vol.  xxix.  (1879)  p.  506. 
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index  to  the  corresponding  variations  in  composition  and  microscopic 
structure  enumerated  in  the  foregoing  tabular  arrangement. 

As  a  rule,  the  basic  rocks  which  occur  intrusively  in  connection  with 
tlie  puys,  especially  where  they  form  a  considerable  mass,  have  assumed  a 
nmch  more  coarsely  crystalline  texture  than  those  of  similar  composition 
w^hich  have  been  poured  out  at  the  surface.  They  are  generally  dolerites 
rather  than  basalts.  But  with  this  obvious  distinction,  the  two  groups  have 
so  much  in  common,  that  the  geologist  who  passes  from  the  study  of  the 
subterranean  phenomena  of  the  Plateaux  to  that  of  the  corresponding  phe- 
nomena of  the  Puys  is  at  once  impressed  with  the  close  relationship  between 
the  material  which,  in  the  case  of  the  puys,  has  consolidated  above  ground, 
and  that  which  has  been  injected  below.  There  is  no  such  contrast  between 
them,  for  example,  as  that  between  the  basic  and  intermediate  lavas  of  the 
plateaux  and  the  more  acid  intrusions  associated  with  them. 

By  far  the  largest  number  of  the  basic  sills,  bosses  and  dykes  associated 
with  the  puys  are  somewhat  coarsely  crystalline  dolerites  without  olivine. 
They  include,  however,  olivine-dolerites  and  basalts,  and  even  some  extremely 
basic  compounds.  Of  these  last,  a  typical  example  is  supplied  by  the  now 
well-known  picrite  of  Inchcolm,  in  the  Firth  of  Forth,  which  occurs  as  an 
intrusive  sheet  among  the  Lower  Carboniferous  Sandstones.^  In  recent 
years  one  or  two  other  picrite-sills  have  been  observed  in  the  same  district. 
An  interesting  example  has  been  described  from  a  railway  cutting  between 
Edinburgh  and  Cramond  where  the  rock  invades  and  alters  shales.  Sfore 
detailed  reference  to  it  will  be  made  in  the  account  of  the  sills  connected 
with  the  puys.  Another  instance  of  the  occurrence  of  this  rock  is  in  a 
railway  cutting  immediately  to  the  west  of  Burntisland  where  it  has  been 
intruded  among  the  ('alciferous  Sandstones  below  the  Burdiehouse  Limestone. 

Itocks  approaching  limburgite  occur  among  tlie  sills  and  bosses  which 
pierce  the  Carboniferous  Limestone  series  of  Fife  between  Cowdenbeath  and 
Inverkeithing.  One  of  these  is  found  at  Pitandrew,  near  Fordel  Castle. 
Dr.  Hatch  observed  that  it  consists  of  "  numerous  porphyritic  crystals  of 
olivine,  with  a  few  grains  of  augite  and  an  occasional  small  lath-shaped 
crystal  of  felspar  imbedded  in  a  groundmass  which  is  composed  principally 
of  idioniorphic  augite  microlites,  small  crystals  of  a  brown  mica,  granules  of 
•magnetite  and  prisms  of  apatite.  In  addition,  there  is  a  considerable 
amount  of  interstitial  matter,  which  is  partly  colourless  glass,  and  partly 
shows  a  slight  reaction  between  crossed  nicols."  Another  example  of  tlie 
same  type  of  rock  occurs  as  a  plug  or  boss  in  the  tufi-vent  of  the  Hill 
of  Beath,  and  a  further  display  of  the  limlnirgite  type  is  to  be  seen  in 
Dunearn  Hill  near  Burntisland. 

Although  olivine-basalts  of  the  Dalmeny  type  are  most  frequently  met 
with  as  interstratified  lavas,  they  also  occur  as  bosses  and  sills.  The  typical 
example  from  Dalmeny  is  itself  intrusive.  Other  illustrations  are  to  l>e 
found  in  the  Castle  Pock  of  Kdinlnirdi  and  in  the  sheets  near  Crossgates 
and  Blairadam  in  Fife.     The  presence  or  absence  of  olivine,  however,  may 

^  Trails,  Hinj.  Sot;  Edin,  vol.  xxix.  (1S79)  \\.  506.     Teall,  British  Pcti-ograitfty,  p.  94. 
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sometimes  l>e  a  mere  accident  of  cooling  or  otherwise.  I  have  shown  that 
in  the  same  mass  of  rock  at  Blackburn  a  gradation  can  l)e  traced  from  a 
rock  largely  composed  of  altered  olivine  into  one  consisting  mainly  of  felspar 
with  but  little  olivine,  and  another  example  occui-s  in  the  picrite-sill  between 
Edinburgh  and  Cramond.  Dr.  Stecher  has  ascertained  that  the  marginal 
portions  of  the  sills  in  the  basin  of  the  Firth  of  Forth,  which  cooled  first  and 
rapidly,  and  may  l)e  taken,  therefore,  to  indicate  tlie  mineral  composition  of 
the  rock  at  the  time  of  extrusion,  are  often  rich  in  olivine,  while  that 
mineral  may  be  hardly  or  not  at  all  discernible  in  the  main  body  of  the  rock.^ 

Of  the  ordinary  and  characteristic  dolerites  without  olivine  wliicli  con- 
stitute most  of  the  intrusive  masses,  the  various  types  enumerated  in  the 
tiibular  arrangement  are  abundantly  developed  in  Central  Scotland.  Thus 
the  normal  ophitic  type  is  displayed  by  the  uppermost  sill  of  the  lUirnt- 
island  series,  and  by  the  rock  which  forms  the  plug  of  the  liinns  Hill  neck 
in  Linlithgowshire.  The  Eatho  type  is  well  seen  in  the  large  sill  at  Ratho, 
likewise  in  tlie  extensive  intrusive  sheets  in  the  west  of  Linlithgowshire  as 
at  Muckraw  and  Carribber.  The  Burntisland  sill  type  is  shown  by  tlie 
lower  sills  of  Burntisland  and  by  some  others  in  the  same  region,  especially 
by  that  of  Colinswell,  and  by  another  on  the  shore  east  from  the  Poorhouse, 
near  Kinghorn.  The  great  boss  among  the  Bathgate  Hills  likewise  displays 
it.  Tlie  Bowden  Hill  type  occurs  in  well-marked  development  at  Bowden 
Hill,  three  miles  soutli-west  of  Linlithgow,  and  in  the  massive  sill  at  St. 
Margaret's,  west  from  Xorth  Queensferry. 

The  non-oli vine- bearing  basalts  are  found  in  various  bosses  and  sheets 
in  the  basin  of  the  Firth  of  Forth.  Thus  the  Binny  Craig  type  occurs  in 
the  prominent  aud  picturesque  sill  from  which  it  is  named,  likewise  among 
the  intrusive  sheets  near  Kirkcaldy,  in  Fife.  Sometimes  the  same  mass  of 
rock  displays  more  than  one  type  of  structure,  as  in  the  cixse  of  the  great 
(iahibraes  neck  among  the  Bathgate  Hills  wherein  both  the  Tholeiite  and 
Burntisland  sill  types  may  be  recognized. 

Some  of  the  sills  in  West  Ix)tliian,  as  I  pointed  out  many  years  ago, 
contain  bitumen  and  give  off  a  bitimiinous  odour  when  freshly  broken. 
They  have  been  injected  into  bituminous  shales  or  coal-seams."- 

2.  Andesites. — Bocks  referable  to  this  series  appear  to  have  been  of 
rare  occurrence  among  the  puy-eruptions.  Examples  of  them  containing  as 
much  as  60  per  cent  of  silica  occur  among  the  lavas  of  the  Limerick  basin. 
Some  of  the  necks  and  what  may  l)e  sills  in  the  same  district  lik(»wise 
consist  of  tliem. 

3.  Trachytes  and  Quaktz-bkakinc;  Bocks. — Acid  rocks,  as  1  have 
already  said,  are  extremely  rare  among  the  puy-eruptions.  The  only  im- 
portant examples  known  to  me  are  thoscj  around  the  Jimerick  basin,  where 
tliey  rise  apparently  in  old  vents  and  form  conspicuous  rounded  or  conical 
hills.     These  rocks    have  been   examined  niicrosco])ically   by   Mr.   W.    "\V. 

'  Dr.  Stecher,  Tttvhrnmtk's  Mincmlog,  Mittlwif,  vol.  ix.  (1887)  p.  193.     Proc,  livy.  Soc,  EtHn, 
vol.  XV.  (1888)  p.  162. 

'^  ficol.  Survey  Memoir  on  Geology  of  Edinlmryh  (Sheet  82,  Scotland),  p.  46. 
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Watts.  One  of  the  most  interesting  varieties,  which  occurs  at  the  Standing 
Stone  near  Oola,  was  found  by  him  to  show  quartz  enclosing  ophitically  the 
felspars  which,  with  well-terminated  prisms,  project  into  it.  Further  west, 
near  Knockaunavoher,  another  boss  occurs  with  conspicuous  quartz.  These 
rocks  have  much  in  common  with  trachytes  but  have  a  wholly  crystalline 
structure.     They  will  be  described  in  the  account  of  the  Limerick  basin. 

B.  Tuffs 

The  fragmental  rocks  connected  with  the  puy- eruptions  form  a  well- 
marked  group,  easily  distinguishable,  for  the  most  part,  from  the  tuffs  of 
the  plateaux.  They  vary  from  exceedingly  fine  compacted  dust  or  volcanic 
mud,  through  various  stages  of  increasing  coarseness  of  texture,  to  basalt- 
conglomef^tes  and  tumultuous  agglomerates. 

The  fragmentary  material  found  in  the  necks  of  the  puys  is  generally 
an  agglomerate  of  a  dull  dirty -green  colour.  The  matrix  ranges  from  a 
fine  compact  volcanic  mud  to  a  thoroughly  granular  detritus,  and  sometimes 
shows  a  spheroidal  concentric  structure  in  weathering.  In  this  matrix  the 
lapilli  are  distributed  with  great  irregularity  and  in  constantly  varying 
proportions.  They  consist  in  large  measure  of  a  pale  yellowish-green,  some- 
times pale  grey,  very  basic,  finely  vesicular,  devitrified  glass,  which  is  gener- 
ally much  decomposed  and  cuts  easily  with  the  knife.  This  highly  tesic 
substance  is  a  kind  of  palagonite.  So  minute  are  its  vesicles  that  under 
the  microscope  a  thin  slice  may  present  a  delicate  lace- like  network  of 
connected  walls,  the  palagonite  occupying  much  less  space  than  the  vesicles. 
The  material  has  been  a  finely  frothed-up  pumice. 

Besides  this  generally  distributed  basic  pumice,  the  stones  in  the 
agglomerate  of  the  necks  likewise  include  fragments  of  older  volcanic  grits 
or  tuffs,  blocks  of  basalt  or  diabise,  as  well  as  pieces  of  the  Carboniferous 
strata  of  the  district,  especially  shale,  sandstone  and  limestone.  Xot 
infrequently  also,  they  comprise  angular  blocks  of  fossil  w^ood. 

The  materials  which  fill  the  necks  are  i^enerallv  much  coarser  than 
those  that  form  intercalated  beds.  But  while  in  numerous  cases  huge 
blocks  of  basalt  and  large  masses  of  sandstone,  shale,  limestone,  ironstone  or 
other  strata  may  be  seen  wrapped  up  in  a  matrix  of  coarse  basalt-tuff,  in 
not  a  few  instances  the  material  in  the  necks  may  \)^  observed  to  consist 
of  a  tuff  quite  as  fine  as  that  of  the  interstratified  bands.  Such  necks  appear 
to  mark  the  sites  of  tuff-cones  where  only  fine  ashes  and  lapilli  were  ejected, 
and  where,  after  sometimes  a  Inief  and  feeble  period  of  activity,  the  orifice 
became  extinct. 

The  bedded  tuffs  interstratified  with  the  ordinary  Carboniferous  strata 
do  not  essentially  differ  in  composition  from  the  material  of  the  necks. 
They  are  basalt-  (diabase-)  tuffs  and  basalt-  (diabase-)  conglomerates,  usually 
dull  green  in  colour  and  granular  in  texture,  the  lapilli  consisting  in  great 
measure  of  various  more  or  less  decayed  basalts,  but  contauiing  the  same 
highly  vesicular  basic  glass  or  pumice  above  refen^ed  to.     They  are  mainly 
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to  be  distinguished  by  their  conspicuous  stratification,  and  especially  by  their 
rapid  alternations  of  coarser  and  finer  material,  by  the  intercalation  of  shales, 
limestones,  sandstones  or  ironstones  in  them,  and  by  the  insensible  grada- 
tions by  which  they  pass  both  vertically  and  laterally  into  ordinary  sedi- 
ments. Occasional  large  blocks  or  bombs,  indicating  some  paroxysm  of 
explosion,  may  be  observed  even  among  the  finer  tuffs,  shales  and  other 
strata,  which  round  the  sides  of  these  masses  have  had  their  layers  bent 
ilown  by  tlie  fall  of  heavy  blocks.^  Many  of  the  bedded  tuffs  contain 
fossils,  such  as  crinoids,  corals,  brachiopods,  fish-teeth  or  macerated  fragments 
of  land-plants.     Coal-seams  also  are  occasionally  interstratified  among  them. 

Of  the  finer  kinds,  the  best  example  is  furnished  by  a  remarkable  group 
of  "  gi-een  and  red  marls  "  which  lie  above  a  seam  of  coal  (Houston  Coal) 
in  the  Calciferous  Sandstones  of  West  Lothian.'^  These  strata,  which  differ 
much  from  any  of  the  rocks  with  which  they  are  associated,  are  exceedingly 
fine  in  grain,  dull  sage-green  and  brownish  or  chocolate-red  in  colour,  not 
well  laminated  like  the  shales,  but  breaking  under  the  influence  of  weathering 
into  angular  fragments,  sometimes  with  a  conchoidal  fracture.  They  look 
like  indurated  mud.  Mr.  H.  M.  Cadell,  who  has  recently  re-examined 
them  in  connection  with  a  revision  of  the  Geological  Survey  Map  (Sheet  32) 
has  found  them  passing  into  ordinary  granular  tuff*. 

Palagonitic-tuff*  is  of  frequent  occurrence.  It  is  met  with  in  the  Firth 
of  Forth  district,^  and  Mr.  Watts  has  detected  fragments  of  palagonite  among 
the  tuffs  of  the  Limerick  basin. 

*  At^b\  p.  36,  and  Figs.  If)  and  151.  See  also  Ocul,  Mag.  i.  (1864),  p.  22;  Trans.  Roy.  Soc. 
Ediii.  vol.  xxix.  (1879)  p.  SI.'). 

^  Memoir  on  Sheet  32  Geol.  Suri\  Scotland  (1861),  p.  42.  The  stratigraphical  position  of  these 
"Houston  Marls,"  as  they  are  locally  called,  is  indicated  in  Fig.  15.^). 

'  Traits.  Rcy.  Sttc.  Edin.  vol.  xxix.  (1819)  p.  515. 


CHAPTER  XXVII 

GEOLOGICAL  STRUCTURE  OF  THE  CARBONIFEROUS  PUYS  OF  SCOTLAND 

I.  Vents  :  Relation  of  the  Necks  to  the  Rocks  through  which  they  rise — Evidence  of  the 
probable  Subaerial  Character  of  some  of  the  Cones  or  Puys  of  Tuff — Entombment  of 
the  Volcanic  Cones  and  their  Relation  to  the  Superficial  Ejections.  2.  Bedded  Tuffs 
and  Lavas — Effects  of  Subsequent  Dislocations.     3.  Sills,  Bosses  and  Dykes. 

The  puy-type  of  volcanic  hill  differs  widely  in  one  respect  from  those 
which  we  have  hitherto  been  considering.  In  the  earlier  epochs  of  volcanism 
within  the  British  area,  it  is  the  masses  of  material  discharged  from  the 
vent,  rather  than  the  vents  themselves  which  arrest  attention.  Indeed,  so 
copiously  have  these  masses  been  erupted  that  the  vents  are  often  buried,  or 
their  positions  have  been  rendered  doubtful,  by  the  uprise  in  and  around 
them  of  sills  and  bosses  of  molten  rock.  But  among  the  Carboniferous  puys 
the  vent  is  oft«n  the  only  record  that  remains  of  the  volcanic  activity.  In 
some  cases  we  know  that  it  never  ejected  any  igneous  material  to  the  sur- 
face. In  others,  though  it  may  be  filled  with  volcanic  agglomerate  or  tuff, 
there  is  no  record  of  any  shower  of  such  detritus  having  been  discharged 
from  it.  In  yet  a  third  class  of  examples,  we  see  that  lava  rose  in  the 
vent,  but  no  evidence  remains  as  to  whether  or  not  it  ever  flowed  out  above 
ground.  Other  cases  occur  where  beds  of  lava  or  of  tuff,  or  of  both  together, 
have  been  intercalated  in  a  group  of  strata,  but  with  no  trace  now  visible  of 
the  vent  from  which  they  came.  The  most  complete  chronicle,  preserving 
at  once  a  record  of  the  outflow  of  lava,  of  the  showering  forth  of  ashes  and 
bombs,  and  of  the  necks  that  mark  the  vents  of  eruption,  is  only  to  be  found 
in  some  of  the  districts. 

I  shall  therefore,  in  the  present  instance,  reverse  the  order  of  arrange- 
ment followed  in  the  previous  chapters,  and  treat  first  of  the  vents,  then  of 
the  materials  emitted  from  them,  and  lastly  of  the  sills  and  dykes. 


1.  vents 

A  large  number  of  vents  rise  through  the  Carboniferous  rocks  of  Scotland. 
Some  of  these  are  not  associated  witli  any  interbedded  volcanic  material, 
so  that  their  geological  age  cannot  be  more  precisely  defined  than  by  saying 


CHAP.  XXVII  VENTS  OF  THE  SCOTTISH  PUYS  425 


that  they  must  be  later  than  the  particular  formations  which  they  pierce. 
Some  of  them,  as  I  shall  endeavour  to  show,  are  in  all  probability  of  Permian 
age.  But  many,  from  their  position  with  reference  to  the  nearest  inter- 
Ciilated  lavas  and  tuffs,  are  to  be  regarded  as  almost  certainly  belonging 
to  the  Carboniferous  period.  Those  W'hich  are  immediately  surrounded  l)y 
sheets  of  lava  and  tuff,  similar  in  character  to  the  materials  in  the  vents 
themselves,  may  without  hesitation  be  connected  with  these  sheets  as 
marking  the  orifices  of  discharge. 

The  vents  of  the  puys  are  in  general  much  less  than  those  of  the 
plateaux.  Their  smallest  examples  measure  only  a  few  yards  in  diameter, 
their  largest  seldom  much  exceed  half  a  mile.^ 

The  dislocations  of  the  Carboniferous  system  are  probably  on  the  whole 
later  than  its  volcanic  phenomena.  It  is  at  least  certain  that  the  lavas  and 
tuffs  of  the  puys  have  been  extensively  faulted,  like  the  surrounding  sedi- 
mentary strata,  and  the  vents  seldom  show  any  apparent  relation  to  faults. 
It  may  sometimes  be  observed,  liowever,  that  tlie  vents  are  arranged  in  lines 
suggestive  of  fissures  underneath.  A  remarkable  instance  of  the  linear  dis- 
tribution is  furnished  by  the  chain  of  necks  which  extends  from  the  Vale  of 
the  Tweed  at  Melrose  south-westwards  across  the  watershed  and  down 
Liddesdale.  The  most  notable  part  of  this  line  lies  among  the  uplands  to 
the  east  of  the  Old  Mosspaul  Inn  at  the  head  of  the  Ewes  Water.  A  string 
of  masses  of  agglomerate  has  there  solidified  in  a  fissure  among  the  Silurian 
greywackes  and  shales,  running  in  a  north-easterly  direction  for  several 
miles.  The  largest  connected  mass  of  agglomerate  is  4700  feet  long,  ami 
from  350  to  600  feet  broad  (see  Xo.  1  in  Fig.  22).  That  this  curious  vent, 
or  connected  line  of  vents  along  a  great  fissure,  belongs  to  the  puy-eruptions 
of  Liddesdale  is  shown  by  the  abundant  fragments  of  yellow^  sandstone  and 
cement-stone  which  occur  in  the  agglomerate." 

Most  frequently  the  vents  are  distributed  irregularly  in  groups.  As 
examples  of  this  arrangement  I  may  cite  those  of  the  west  of  Fife,  of  West 
Lothian  and  of  the  north  of  Ayrshire. 

A  convenient  chussifi cation  of  the  vents  may  be  made  bv  dividinji:  them 
into  four  groups  according  to  the  nature  of  the  material  that  now  fills  them  : 
1st,  Necks  of  non-volcanic  debris  ;  2nd,  Xecks  of  tuti'  and  agglomerate  ;  3r(l. 
Necks  of  similar  materials,  but  with  a  central  plug  of  basalt ;  4th,  Bosses  of 
basalt  or  other  lava,  without  agglomerate  or  tuti'. 

^  The  following  measurements  of  necks  belon^^ing  to  tlie  puy-eruptions  in  dilferent  parts  of 
Scotland  are  taken  from  the  6-inch  field-maps  of  the  (leological  Survey  : — Saline  Hill,  Fife,  0000  x 
4000  feet ;  Binn  of  Hurntisland,  3500  x  1500  ;  Hill  of  Heath,  Fife,  21)00  x  1550  ;  Hinns  Hill,  Lin- 
lithgowshire, 4800  X  2200  ;  Tor  Hill,  Kcclesmaehan.  Linlithgowshire,  1900  x  1000  (Fig.  155 ,  ;  (;reat 
Moor,  near  Maiden  Pap,  Koxlmrghshire,  2600  x  2400  ;  Tinnis  Hill,  Liddesdale,  1500  ■  1000  ;  Koan 
Fell,  Liddesdale,  300x200;  Hadsgarth  Hurn,  Liddesdale,  250x200;  Dall.ate  Burn,  250x120. 
In  some  causes,  especially  in  those  of  the  larger  ne(;ks,  it  is  prohahle  that  the  tutf  belongs  to  more 
than  one  funnel.  Thus  the  Binn  of  Burnti.sland  almost  certainly  includes  two  nrcks,  a  smaller 
one  to  the  west  and  a  much  larger  one  to  the  «'ast.  Saline  Hill  may  also  conceal  inor«'  than  one 
vent.  But  in  the  continuous  mass  of  tulf  at  the  surface  it  is  at  present  impossible  to  determine 
jirecisely  the  number  and  boundaries  of  the  several  orifices. 

-  These  facts  were  ascertained  by  Mr.  Peach  in  mapping  the  ground  for  the  Geological  Survey. 
See  Sheet  17,  Scotland. 
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1.  Nfcks  of  Non-voleanic  Debris. — In  a  few  instances  the  orifices  of 
eruption  hjtve  been  filled  up  entirely  with  non-voleanic  debris.  They  have 
Kerved  as  funnels  for  the  discharge  of  explosive  vapours  only,  without  the 
expulsion  of  any  solid  volcanic  materials.  At  least  no  trace  of  fragmentaiy 
hwas  is  met  with  in  tlieni,  nor  are  any  beds  of  tuff  or  lava  intercalated 
among  the , surrounding  strata.  Some  interesting  examples  of  this  kind 
were  laid  baie  in  the  open  ironstone-workings  near  Carluke  in  Lanarkshire. 
They  were  circular  in  ground-plan,  descended  \-erticidly  into  the  strata,  and 
were  somewhat  wider  at  the  toj)  of  the  (luari-)'  than  at  the  bottom.  They 
were  tilled  with  angular  pieces  of  Carboniferous  sandstone,  shale,  linaestone, 
ironstone  and  other  rocks,  these  materials  being  rudely  arranged  with  a 
dip  towards  the  centre  of  the  neck,  where  the  blocks  were  largest  in  size. 
Tliongh  no  fragments  of  igneous  i-oeks  were  observed  among  the  debris,  a 
few  string-like  veins  of  "  white  trap,"  or  altered  basalt,  were  seen  to  traverse 
the  agglomerate  here  and  there  The  necks  iiid  the  itrata  surrounding 
them  were  higldy  impregnated  with  pontes  and  sulphate  of  lime ^ 

A  vent  of  the  same  nature  but  (m  a  much  larger  scale,  has  been 
mapped  by  Mr.  Peach  in  the  siuth  of  leitlishire  ntar  East  Giange,  where 


;  i  Onlike  d.Hl ;  3,  Upl-r  nn.L  l^iver  Black-baiiil  Iroi.ili.nrs  ;  i. 
Coal  and  Jiiict  reat  Cual ;  6.  CaliuyLiinwluiit;  7.  Neck. 


it  rises  through  the  higher  coal-liearing  part  of  the  Carboniferous  Limestone 
series  (Fig.  14;!)-  It  has  been  encountered  in  the  mining  of  coal  and  iron- 
stone, and  its  crcss-section  has  been  ascertained  in  the  underground  work- 
ings which  have  been  carried  up  to  its  margin.  It  measures  1500  feet  in 
diameter  Ironi  east  to  west  and  2000  feet  from  north  to  south.  It  doe-s 
not  appear  ever  to  have  emitted  any  ashes  or  lava.  Mr.  Peach  found  it 
lilled  with  dark  sandy  crumbling  clays,  full  of  fragments  of  sandstone,  shale 
and  coal.  These  sediments  are  arranged  in  layers  that  dip  in  the  same 
general  direction  as  tlie  strata  suiTounding  the  vent.  They  contain  abiin- 
<lant  calcareous  nodules  of  all  sizes  fi-om  tliat  of  a  hazel-nut  up  to  concretions 
1 8  feet  in  diameter.  The  clays  likewise  include  many  of  the  common  shells 
and  ci'inoids  of  the  Carboniferous  Limestone  sea,  and  the  same  fossils  are 
enclosed  in  the  nodules.  A  remarkable  featui-e  in  this  vent  is  the  occnr- 
'  Prof.  Ju.  Geikie,  Jlem,  G<of.  Saic.  SaAlamI,  Explauation  of  Sheet  23.  p.  39. 
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rence  of  abundant  vertical  rents,  which  have  been  filled  partly  with  the 
same  material  that  forms  the  nodules,  and  partly  with  sandstone. 

The  formation  of  the  neck  took  place  after  the  deposition  of  the  Index 
Limestone,  and  probably  about  the  time  of  the  accumulation  of  the  next 
limestone,  which  lies  immediately  to  the  west  somewhat  higher  in  the 
series,  It  would  appear  that  the  eruption  which  produced  this  funnel  gave 
forth  only  gaseous  explosions,  and  occurred  on  the  sea-fioor  ;  that  the  low 
crater- w^alls  were  washed  down  to  such  an  extent  that  the  sea  entered  and 
carried  some  of  its  characteristic  organisms  into  the  lagoon  or  maar  within ; 
further,  that  as  the  silt  gathered  inside,  successive  subsidences  occurred, 
wherel>y  the  sediment  was  rent  by  cracks  into  which  sand  and  calcareous 
mud  w^ere  washed  from  above.^ 

Many  necks  occur  wherein  non-volcanic  materials,  though  not  forming 
the  whole  of  the  agglomerate,  make  up  by  far  the  larger  part,  with  only  a 
slight  admixture  of  volcanic  tuff'  between  them.  Among  the  Burntisland 
necks  of  Fife,  for  instance,  abundant  fragments  of  the  well-marked  cyprid 
limestone  and  shale  may  be  observed,  while  at  Niddry  in  Linlithgowshire 
blocks  several  yards  in  length,  and  consisting  of  difi'erent  layers  of  shale  and 
cement-stone  still  adhering  to  each  other,  may  be  seen  imbedded  at  all  angles 
in  the  tuff. 

Where  only  the  debris  of  non-volcanic  rocks  occupies  a  vent,  we  may 
infer  that  the  volcanic  action  was  limited  to  the  explosion  of  steam,  whereby 
the  rocks  were  dislocated,  and  an  orifice  conmiunicating  with  the  surface 
was  drilled  through  them,  and  that  while  no  true  volcanic  rock  in  such  a 
case  appeared,  the  pipe  was  filled  up  to  perhaps  not  far  from  the  surface  by 
the  falling  back  of  the  shattered  detritus.  A  little  greater  intensity  or 
farther  prolongation  of  the  volcanic  action  would  bring  the  colunni  of  lava 
up  the  funnel,  and  allow  its  upper  part  to  be  blown  out  as  dust  and  lapilli ; 
while  still  more  vigorous  activity  w^ould  be  marked  by  the  rise  of  tlie  lava 
into  rents  of  the  cone  or  its  actual  outflow  at  the  surface.  Everv  orradation 
in  this  scale  of  progress  may  be  detected  among  the  Carboniferous  volcanoes 
of  the  basin  of  the  Firth  of  Forth. 

2.  Arc/.-.s  of  Ttfff  and  Af/f/lomcrafc. — The  majority  of  tlie  necks  con- 
nected with  the  puys  consist  of  tuff*  or  agglomerate.  Externally  they 
generally  appear  as  smooth  rounded  grassy  hills  that  rise  disconnected  from 
other  eminences.  In  S(uue  districts  their  materials  consist  of  a  greenisli 
granular  often  stratified  tuft",  enclosing  rounded  balls  of  various  basic  lavas  and 
pieces  of  sandstone,  shale,  Hniestone  or  other  strata  through  which  they  have 
l)een  drilled.  This  is  their  usual  character  in  the  Forth  region.  But  in  some 
cases,  the  tuff  becomes  a  coarse  agglomerate,  made  up  partly  of  large  blocks 
of  basalt  and  other  volcanic  rocks  and  parti v  of  the  sedimentarv  strata 
around  them,  of  which  large  masses,  many  cubic  yards  in  bulk,  may  be  seen. 
Among  the  enclosed  fragments  it  is  not  unusual  to  tind  pieces  of  older 
stratified  tuff'.  These  resemble  in  general  petrographical  character  parts  of 
the    tuff'  among   which   they    are   imbedded.       Sometimes    they  have    been 

^  The  vont  is  sliowu  in  Sheet  39,  Geo/,  Suri\  Scotlamt 
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derived  from  previous  tufts  which,  interstratitied  among  the  sedimentary 
strata,  had  been  broken  up  by  the  opening  of  a  new  vent.  But  probably 
in  most  Ccises  they  should  be  regarded  {is  portions  of  the  volcanic  debris 
which,  having  solidified  inside  the  crater,  was  blown  out  in  fragments  by 
subsequent  explosions.  In  a  modern  volcano  a  considerable  amount  of 
stratified  tuff  may  be  formed  inside  the  crater.  The  ashes  and  stones 
thrown  out  during  a  period  of  activity  fall  not  only  on  the  outer  slopes  of 
the  cone,  but  on  the  steep  inner  declivities  of  the  crater,  where  they  arrange 
themselves  in  beds  that  dip  at  high  angles  towards  the  crater  l)ottom.  This 
feature  is  well  seen  in  some  of  the  extinct  cones  in  the  Neapolitan 
district.  In  some  of  the  Scottish  puys  the  tuff*  is  stratified  and  has  tumbled 
down  into  a  highly  inclined  or  vertical  position  (Fig.  14.1). 

As  a  good  illustration  of  the  variety  and  relative  proportions  of  the 
ejected  blocks  in  the  green  tuff*  of  the  puy-vents,  I  may  cite  the  following 
table  of  percentages  which  I  took  many  years  ago  in  the  tuft'  which  rises 
through  the  Cement-stone  group  on  the  beach  at  the  Heads  of  Ayr. 

Diabase  and  basalt  .... 

Older  tuff  ..... 

AnJesite  (j^robably  from  Old  Red  Sandstone  volcanic 

series  of  the  neighbourhood     . 
Limestone  (cement-stone,  etc.) 
Shale  ...... 

Sandstone  ..... 

Fossil  wood  ..... 

100 

While  many  examples  might  be  cited  where  no  molten  rock  of  any 
kind  has  risen  in  the  vents,  or  where  at  least  all  the  visible  materials  are  of 
a  fragmentary  character,  yet  small  veins  and  dykes  of  basalt  have  not 
infrequently  been  injected  into  the  tuft*  or  agglomerate.  These  seldom  run 
far,  and  usually  present  a  more  or  less  tortuous  course.  Thus,  on  the  south 
front  of  the  Binn  of  Burntisland  (Figs.  166,  168)  a  numl>er  of  basalt-dykes, 
which  vary  in  breadth  from  five  or  six  feet  to  scarcely  so  many  inches, 
bifurcate  and  rapidly  disappear  in  the  tuft",  one  of  them  ascending  tortuously 
to  near  the  top  of  the  cliff.  They  at  once  recall  the  a])pearance  of  the  well- 
known  dykes  in  the  great  crater  wall  of  Somma. 

Though  not  by  any  means  the  largest  or  most  perfect  of  the  vents 
in  the  basin  of  the  Firth  of  Forth,  the  Binn  of  Burntisland,  of  which  a 
view  is  f^iven  in  Fi^.  144,  mav  be  cited  in  illustration  of  their  <reneral 
characters.  It  presents  in  detail  some  of  the  most  strikingly  volcanic 
aspects  of  scenery  anywhere  to  be  seen  in  that  region.  Consisting 
of  a  dull  green  granular  volcanic  tuft',  it  rises  abruptly  out  of  the  Lower 
Carboniferous  formations  to  a  height  of  631  feet  above  the  sea.  The 
southern  edge  of  this  neck  has  been  so  extensively  denuded,  that  it 
presents  steep  craggy  slopes  and  rugged  precipices,  which  descend  I'rom 
the  very  summit  of  the  cone  to  the  plain  ))elow — a  vertical  distance  of 
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nearly  500  feet.  Here  and  there  the  action  of  atmospheric  waste  has 
hollowed  out  huge  crater -like  chasms  in  the  crumbling  tuff.  Standing  in 
one  of  these,  the  geologist  can  realize  what  must  have  been  the  aspect  of 
the  interior  of  these  ancient  Carboniferous  volcanic  cones.  The  scene  at 
once  reminds  him  of  the  crater-walls  of  a  modern  or  not  long  extinct 
volcano.  The  dull-green  rudely  stratified  tuff  rises  around  in  verdureless 
crumbling  sheets  of  naked  rock,  roughened  by  the  innumerable  blocks  of  lava, 
which  form  so  conspicuous  an  element  in  the  composition  of  the  mass.  The 
ribs  or  veins  of  columnar  basalt  run  up  the  declivities  as  black  shattered 
walls.  The  frosts  and  rains  of  many  centuries  have  restored  to  the  tuff  its 
original  loose  gravelly  character.  It  disintegrates  rapidly,  and  rolls  down 
the  slopes  in  long  grey  lines  of  volcanic  sand,  precisely  as  it  no  doubt  did 
at  the  time  of  its  ejection,  when  it  fell  on  the  outer  and  inner  declivities 
of  the  original  cone.  Some  of  these  features  may  be  partly  realized  from 
Fig.  145,  which  represents  a  portion  of  the  south  front  of  the  hill.  Sections 
of  this  neck  are  given  in  Figs.  149  and  159. 

(3)  Ncclcs  of  Tuff  or  Agglomo'atc  u-ith  a  Central  Plng  of  Basalt  ar  other 
Lava, — It  has  often  happened  that,  after  the  explosions  in  a  vent  have 
l)egun  to  decrease  in  vigour,  or  have  at  last  ceased,  lava  has  risen  in  the 
chimney  and  finally  sealed  it  up.  In  such  cases  the  main  mass  of  the 
rock  may  consist  of  tuff  or  agglomerate,  which  the  enfeel)led  volcanic 
activity  has  been  unable  to  expel  from  the  orifice,  while  a  plug  of  basalt, 
dolerite,  or  even  more  basic  material,  of  much  smaller  dimensions,  may  have 
risen  up  the  pipe  in  the  centre  or  towards  one  side.  Binns  Hill,  West 
Lothian,  the  Beath  and  Saline  Hills  of  Fife,  and  Tinnis  Hill  in  Liddesdale 
are  good  examples  of  this  structure.     (See  Figs.  26,  148,  149  and  174). 

(4)  Ncclcs  of  Basalt,  Dolerite,  etc. — In  other  cases  no  fragmental  material 
is  present  in  the  vent,  or  possibly  traces  of  it  may  be  seen  here  and  there 
adhering  to  the  walls  of  the  funnel,  the  prevailing  rock  being  some  fonn  of 
lava.  Necks  of  this  kind  are  much  less  frequent  in  the  puy-  than  in  the 
plateau-type.  But  examples  may  be  found  in  several  districts.  The  most 
striking  with  which  I  am  acquainted  are  those  which  form  so  picturesque  a 
group  of  isolated  cones  around  the  volcanic  basin  of  Limerick,  to  be  after- 
wards described  (Figs.  195,  196).  The  vents  there  have  been  filled  by  the 
uprise  of  much  more  acid  rocks  than  the  lavas  of  the  basin,  for,  as  I  have 
already  stated,  they  include  even  quartziferous  trachytes.  In  the  basin  of 
the  Firth  of  Forth  some  prominent  bosses  of  basalt  probably  mark  the  sites 
of  former  vents,  such  as  Dunearn  Hill  in  Fife,  the  Castle  Rock  of  Edinburgh, 
and  Galabraes  Hill  near  Bathgate.  Some  striking  vents  which  occur  in 
the  Jedburgh  district,  in  the  debateable  land  between  the  plateau  series  on 
the  east  and  the  puy-series  on  the  west,  show  the  nearly  complete  usurpation 
of  the  funnel  by  basalt,  but  with  portions  of  the  tuff  still  remaining  visible. 

Relation  of  the  Necks  to  th^  Rocks  through  ichich  they  rise. — A  remarkable 
feature  among  the  Carboniferous  and  Permian  vents  of  central  Scotland  is 
presented  by  the  effect  which  has  been  produced  on  the  strata  immediately 
surrounding   them.       In   the  interior  of  the   country  this   eflect   is   often 
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concealed  by  herbage,  but  where  the  rocks  have  been  laid  bare  by  the  sea  it 
may  be  most  instructively  studied.  In  such  shore -sections,  a  singular 
change  of  dip  is  often  observable  among  the  strata  round  the  edge  of  a  vent. 
No  matter  what  may  be  the  normal  inclination  at  the  locality,  the  beds  are 
bent  sharply  down  towards  the  wall  of  the  neck,  and  are  frequently  placed  on 
end.  This  structure  (shown  in  Figs.  24,  143,  147,  148  and  149)  is  precisely 
the  reverse  of  what  might  have  been  anticipated,  and  can  hardly  be  due  to 
upward  volcanic  explosions.  It  is  frequently  associated  with  considerable 
metamorphism  in  the  disturbed  straUi.  Shales  are  converted  into  porcel- 
lanite  or  various  jaspery  rocks,  according  to  their  composition.  Sandstones 
pass  into  quartzite,  with  its  characteristic  lustrous  fracture.  It  is  common 
to  find  vents  surrounded  with  a  ring  of  this  contact-metiimorphism,  which, 
from  the  hardness  and  frequently  vertical  or  highly  inclined  bedding  of  its 
strata,  stands  up  prominently  on  the  beach  (as  in  Figs.  126  and  210),  and 
serves  to  mark  the  position  of  the  necks  from  a  distance. 

I  have  not  been  able  to  find  an  altogether  satisfactory  explanation  of 
this  inward  dip  of  the  strata  around  vents.  Taking  it  in  connection  with 
the  metamorphism,  I  am  inclined  to  believe  that  it  arose  after  the  close  of 
the  long-continued  volcanic  action  which  had  hardened  the  rocks  around  the 
volcanic  pipe,  and  as  the  result  of  some  kind  of  subsidence  within  the  vent. 
The  outpouring  of  so  much  tuft*  and  lava  as  escaped  from  many  of  the  vol- 
canoes would  doubtless  often  be  apt  to  produce  cavities  underneath  them,  and 
on  the  decay  of  volcanic  energy  there  might  be  a  tendency  in  the  solid  or 
cavernous  colunni  filling  up  the  funnel,  to  settle  down  by  mere  gravitation. 
So  firmly,  however,  did  much  of  it  cohere  to  the  sides  of  the  pipe,  that  if  it 
sank  at  all,  it  could  hardly  fail  to  drag  down  a  portion  of  these  sides.  So 
general  is  this  evidence  of  downward  movement  in  all  the  volcanic  districts 
of  Scotland  where  the  necks  have  been  adequately  exposed,  that  the 
structure  may  l)e  regarded  as  normal  to  these  volcanic  vents.  It  has  been 
observed  among  the  shore -sections  of  the  volcanoes  of  the  Auckland 
district.  New  Zealand.  Mr.  C.  Heaphy,  in  an  interesting  paper  upon  that 
district,  gives  a  drawing  of  a  crater  and  lava-stream  abutting  on  the  edge  of 
a  clift'  where  the  strata  bend  down  towards  the  point  of  eruption,  as  in  the 
numerous  cases  in  Scotland.^ 

Evidence  for  the  j^rohahle  svha'ricd  Character  of  some  of  the  Cones  or  Puys 
of  Tuff. — From  the  stratigraphical  data  furnished  by  the  basin  of  the  Firth 
of  Forth,  it  is  certain  that  this  region,  during  a  great  part  of  the  Carbon- 
iferous period,  existed  as  a  wide  shallow  lagoon,  sometimes  overspread  with 
sea-water  deep  enough  to  allow  of  the  growth  of  corals,  crinoids,  and 
brachiopods ;  at  other  times,  shoaled  to  such  an  extent  with  sand  and  mud 
as  to  be  covered  with  wide  jungles  of  a  lepidodendroid  and  calami toid 
vegetation.  As  volcanic  action  went  on  interruptedly  during  a  vast  section 
of  that  period,  the  vents,  though  generally  submarine,  may  occasionally  have 
been  sub^erial.  Indeed,  we  may  suppose  that  the  same  vent  might  begin  as 
a  subaqueous  orifice  and  continue  to  eject  volcanic  materials,  until,  as  these 

^  Quart.  Jovrn.  Gcol.  Sue.  1860,  vol.  xvi.  p.  245. 
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rose  above  the  level  of  the  water,  the  vent  became  subterial.     An  instance 
of  a  submarine  vent  has  been  cited  from  the  Perthshire  coal-field  (p.  426). 

Among    the    evidence   which    may   be    collected    to    show^    that    some 
Carboniferous  volcanoes   probably  rose  as  insular  cones  of  tuft'  above  the 
surrounding  waters,  the    structure    of   the    tuft'   in    many  necks    may  be 
cited,  for  it  su^ests  subterial  rather  than  subaqueous  stratification.     The 
way    in    which    the    stones,    large    and    small,   are    grouped    together    in 
lenticular    seams    may   be    paralleled    on    the    slopes  of   many  a  modern 
volcano.      Another  indication   of  this  mode  of  origin    is    supplied    by   the 
traces    of   wood    to    be    met    with    in    some    of     the     tuft*  -  necks.       The 
•  vents    of    Fife    and    Linlithgowshire    contain    these    traces    sometimes    in 
great  abundance.     The  specimens  are  always  angular  fragments,   and  are 
frequently  encrusted  with   calcite.^     Sometimes    they  present    the    glossy 
fracture    and    clear    ligneous    structure    shown    by   sticks    of    well  -  made 
w^ood  charcoal.     In    a  neck  at  St.  Magdalen's,  near   Linlithgow,  the  wood 
fragments  occur  as  numerous   black  chips.     So   far  as   can  be  ascertained 
from  the  slices  already  prepared  for   the  microscope,  the   wood  is  always 
coniferous.     These  w^oody  fragments  seldom  occur  in  the  inters tratified  tufts 
or  in  the  associated  strata  where  Stigmaria,  Lepidode7idron,  etc.,  are  common. 
They  are   specially  characteristic  of  the    necks   and    adjacent    tufts.      The 
parent  trees  may  have  grown  on  the  volcanic  cones,  which  as  dry  insular 
spots  would  support  a  difterent  vegetation  from  the  club-mosses  and   reeds 
of  the  surrounding  swamps.     As  the  fragments  occur  in  the  tuffs  which,  on 
the  grounds  already  stated,  may  be  held  to  have  been  deposited  within   the 
crater,  they  seem   to  point   to   intervals   (jf  volcanic  quiescence,  when  the 
dormant  or  extinct  craters  were  tilled  with   a  terrestrial  flora,  as  Vesuvius 
was  between  the  years    1500   and    1631,  when   no  eruptions   took   place. 
Some  of  the  cones,  such  as  Saline  Hill   and   the    Binn   of  Burntisland,  may 
have  risen  several  hundred  feet  above  the  water.      Clothed   with  dark   pine 
woods,  they   would   form  a   notable   feature   in   the  otherwise    monotonous 
scenery  of  central  Scotland  during  the  Carboniferous  period. 

Entombment  of  the  Volcanic  Cones  and  their  relation  to  the  bedded  Lavas 
and  Tuffs. — From  the  facts  above  detailed,  it  is  evident  that  in  most  cases 
the  necks  represent,  as  it  were,  the  mere  denuded  stumps  of  the  volcanoes. 
As  the  puys  took  their  rise  in  areas  which,  on  the  whole,  were  undergoing 
a  movement  of  subsidence,  they  were  eventually  sulnnerged  and  buried 
under  sedimentary  accumulations.  Their  loose  ashes  w^ould  be  apt  to  be 
washed  down  and  strewn  over  the  sea-bottom,  so  that  onlv  the  lower  and 
inner  part  of  a  cone  might  remain.  We  can  hardly  hope  to  discover  any 
of  the  actual  craters  among  these  volcanic  relics.  The  cones  having  been 
submerged  and  buried  under  many  hundred  feet  of  sediment,  their  present 
position  at  the  surface  is  due  to  subseciuent  elevation  and  prolonged  denuda- 
tion. It  is  obvious  that  there  must  still  be  many  buried  cones  which  the 
progress  of  denudation   has   not   yet   reached.      Some    of  these    have    ))een 

^  The  largest  I  have  observed  is  a  portion  of  a  stem  about  two  feet  long  and  six  inches  broad, 
in  the  (Permian  ?)  neck  below  St.  Monan's  church. 
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revealeii  in  the  course  of  mining  ('[wratioiis.  ■  ^'aIllnb!e  sciiius  of  coal,  iron- 
stone anJ  oil-sliale  in  tlie  Scottish  Carhonifei-ous  Linieetone  and  Calciferoiis 
Sandstone  series  are  extensively  workeil,  and  in  the  iinilet^round  opera- 
tions many  iUustrations  of  former  volcanic  action  have  been  met  witli. 
The  most  i-emai'kable  instances  of  the  di8ci)verj'   of  hnried  volcanoes   have 

.  occurred  in  the  Dairy  coal-field  in  the 

north  of  Ayrshirt'.  In  one  pit-shaft 
..^ ,  about  a  mile  aud  a  half  to  the  south- 
west of  the  village  of  Dairy,  a  thick- 
ness of  115  fathoms  of  tuff  was  passed 
through,  and  in  another  pit  90  fathoms 
of  similar  tnff  were  sunk  into  tiefore  the 
position  of  the  black-band  ironstone  of 
that  mineral  field  was  reached  by  dri^'ing 
levels  through  the  tuff  into  the  sedi- 
mentary strata  outside  of  it.  Only  a 
short  distance  from  these  thick  piles  of 
tiiff,  their  place  is  entirely  taken  up  by 
ml  the  ortUnary  sedimentary  strata  of  the 
10.  district.  The  working-plans  of  the 
mines  show  the  tuff  to  occur  in  irregular 
patches  and  strips,  between  whicii  the  ironstone  is  workable.  From  these 
data  we  perceive  that  the  sliafts  ha^'e  in  some  cases  been  sunk  directly  upon 
the  tops  of  puys  of  tuff,  which  were,  in  imc  case,  nearly  700  feet,  and  in 
another  instance,  540  high'  (Fig   140) 

It  is  obvious  that  from  the  condition  ol  u  tompleteh  buried  and  con- 
cealed cone  every  stage  may  be  e\i>ettLd  to  occui  up  to  the  deoph  worn- 
down  neck  representing  mei-elv  the  itump  of  the  \olcanic  cohnun  The 
subjoined  diagram  (Fig.  14T)  nia\  su\e  to  ilhistiate  this  process  of  gradual 
B-emei^ence. 


Fid.  14ti.— Dia^n^iii  of  Imrieil  volcimic  com 
iieor  Dairy,  Aymhire.  Cotislruclisl  froii 
iiiforrnatiou  obtained  in  inini"([  "ppratioii.H 

I.  IliLrleC  LliuMtDnr.     i.  Claytand 


When,  in  the  progress  of  denudation,  a  vtilcanic  cone  I>egan  to  show 
itself  from  under  the  cover  of  removed  strata,  it  woiild  still  for  a  time  main- 
tain its  connection  with  the  sheets  of  tulf  or  of  lava  which,  when  active,  it 
ha*l  erupted.  A  number  of  exanqiles  of  this  stnicture  may  be  observed  in 
the  basin  of  the  Firth  of  Forth,  where  the  degradation  of  the  surface  has 
'  Ex[ilaTiation  of  Sh^t  22,  flti^.  Suec.  of  HtUland,  p.  16. 
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not  yet  proceeded  so  far  its  to  isolate  the  column  of  iigylonierate  or  tuff  from 
the  sheets  of  tuff  tliat  were  strewn  around  the  old  \'oleano.  In  such  cases,  tlie 
jictual  limits  of  the  vent  are  still  more  or  less  concealed,  or  at  least  no  sharp 
line  can  be  drawn  lietween  the  vent  and  its  ejections.  As  an  illustration 
of  this  connection  of  a  volcanic  pipe  with  the  materials  ejected  from  it  over 
the  surrounding  country  I  would  cite  Saline  Hill 

in   the  west  of  Fife.     Tliat  eminence  rises  to  a  l\  V  "^ 

height  of  11(8  feet  above  the  sea,  out  of  a  band  AV^  ^1 

of  tuff  which   can  be  traced   across   the   country  /^*^^  "  ^ 

for  fully  three  nnles.     Numerous  sections  in   the  .^J^P^^        ~^ 

water-courses    show  that    this    tuff   is    regularly  [       ,      "  ~- 

interbedded  in  the  Carboniferous  Limestone  series,  "   *''".■  "        i- 

so  that  the  relative  geological  date  of  its  ei'uption 
can  Ije  precisely  fixed.  On  the  soutJi  of  Saline 
Hill,  coal  and  ironstone,  worked  under  the  tuH', 
prove  that  this  portion  of  the  mass  belongs  to 
the  general  sheet  of  loose  ashes  and  dust,  extend- 
ing outwards  from  the  original  cone  over  the  Hoor 
iif  the  sheet  of  water  in  which  the  (.'arboniferous 
Limestone  series  of  strata  w.is  being  deposited. 
But  the  central  portion  of  the  hill  is  occupied 
by  one  or  more  volcanic  jiipes,  A  section  across 
the  eminence  from  north-west  to  south-east  would 
probably  sliow  the  structure  represented  in  Fig. 
148.  Immediately  to  tiie  east  of  the  Saline  Hill 
lies  another  eminence,  known  as  tlie  Knock  Hill, 
which  marks  the  site  of  another  eruptive  vent. 
A  coal-seam  (the  Little  Turi-ot  or  Uas  Coiil)  is 
worked  along  its  southern  base,  and  is  fuuud  to 
plunge  down  stee])ly  towards  the  \oIainic  rocks. 
This  seam,  however,  is  not  tlie  s<ime  as  that  worked 
under  the  Saline  Hill,  but  lies  some  GOO  feet  below 
it.  Probably  tlie  wliole  of  tlie  Knock  Hill  occiniics 
the  phice  of  a  former  vent. 

A  further  stfige  of  decay  and  denudation  brings 
before  us  the  entire  severance  of  the  volcanic 
colunni  from  tlie  materials  that  were  ejected  fi'im 
it.  An  excellent  example  itf  this  isolation  of  the 
neck  in  the  midst  of  surrounding  masses  of  tuff 
and  lava  which  proceeded  from  it  is  pi-e.sented  by  .   v\ 

the  Binn  of  Burntisland,  to  which  I  have  already 

alluded.  A  section  across  that  eminence  gives  the  geological  structui-c 
i-epi-esented  in  Fig.  140.  The  dip  of  the  rocks  away  from  the  volcanic 
pipe  at  this  locality  has  liecn  produced  long  after  the  volcanic  ]i]iencimeiia 
had  ceased.  The  ai^di  here  shown  is  ri-ally  the  prolongation  and  final  dis- 
appearance of  the  gi'eat  anticlinal  fold  of  which  the  Pentlantl  Hills  form  the 


-^1 


^s= 
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axis  on  the  opposite  side  of  the  Firth.  But  if  we  restore  the  rocks  to  a 
horizontal,  or  approximately  horizontal  position,  we  find  the  Einn  of  Burnt- 
island rising  among  tlieni  in  one  or  more  necks,  which  doubtless  mark 
centres  of  volcanic  activity  in  that  district.  A  series  of  smaller  neck-like 
eminences  runs  for  two  miles  westward. 

Striking  as   the   fowns  of  many  of  the    necks 

■■  are,  and  much  as  their  present  conical  forms  resemble 

5       those  of  active  and  extinct  volcanoes,  the  evidence 

/  t       "'^  extensive  denudation  proves  that  tliese  contours 

i'  H       are  not  the  original  outlines  of  the  Carboniferous 

*■  K.      vents,  but  are  in  every  case  the  result  of  prolonged 

e  %       waste.     Wliat  we  now  see  is  a  section  of  the  vol- 

'       ^    =       canie  chimney,  and  the  conical  form  is  due  to  the 

•  ^1       w^y  in  which  the  materials  filling  the  chimney  have 

^  I       yielded  to  the  forces  of  denudation. 


11.    BEDDEIl  TUFFS  AXD  LAVAS 


5    JS 

I"     III 

g  I  s  During  at  least  the  earlier  part  of  the  period  of 

■S  ||     the  puys,  in  some  districts  or  from  certain  vents, 

I   I  -    such  as   those   of   East   Fife,   Western   Midlothian, 

3  "js    Eastern  Linlitligowahire,  Northern  Ayrshire,  Heads 

s  i-|     of  Ayr  and  Lower  Eskdale,  only  fine  tuff  seems  to 

•5   til     Imve  been   thrown  out,  which  we   now  find  inter- 

B   f?     calated  among  the  surrounding  strata.     These  eiup- 

"^  1^     tions,  neither  so  vigorous  nor  so  long- con  tinned  as 

^  «"=     those  of  the  plateaux,  never  gave  forth  such  thick 

E  ?!    and  widespread  slieets  of  fragmentary  materials  as 

those  associated  with  the  plateaux  in  East  Lothian 

and  the  north-east  of  Aymhire.     A  single  discharge 

of  ashes  seems  in  many  cases  to  have  been  the  sole 

achievement  of  one  of  those  little  volcanoes ;  at  least 

only  one  thin  band  of  tuff  may  be  discoverable  to 

mark  its  activity. 

The  tuff  of  these  solitary  bands  is  seldom  coarse 
in  texture.  It  usually  consists  of  the  ordinary  dull 
green  paste,  with  dust  and  lapilli  of  basic  pumice. 
The  local  variations  in  the  tuffs  of  the  puys  generally 
arise  mainly  from  differences  in  the  composition,  size 
and  numbers  of  the  included  ejected  blocks.  Gener- 
ally the  most  abundant  stones  are  pieces  of  difl'ercnt  diabases,  or  basalts ; 
then  come  fragments  from  the  suirounding  Carboniferous  strata,  from  older 
tufl's  and  rarely  from  rocks  of  much  deeper-seated  origin. 

Now  and  then  the  eruptions  of  tuff  have  consisted  of  extremely  fine 
volcanic  dust,  which,  mingling  with  water,  took  the  fonn  of  a  compact  mud- 
stone,  as  in  the  case  of  the  Houston  Marls  (p.  423),  which  renuad  one 
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of  a  volcanic  mud.  But  in  must  localities  the  dischai^  of  tufl',  though  for 
a  time  it  may  have  completfily  obscured  the  ordinary  contemporaneous 
sedimentation,  was  intermittent,  so  that  in  the  intervals  betweeu  successive 
showers  of  detritus,  the  deposition  of  non-volcanic  sediment  went  on  as 
usual.  Hence  it  is  that  bands  of  tuff,  whether  they  lie  among  lavas  or 
among  sedimentary  formations,  are  apt  to  contain  interstratifi cations  of  sand- 
stone, shale,  limestone  or  other  detrital  deposit,  and  to  pass  insensibly  into 
these.  The  extremely  gentle  gradation  from  volcanic  into  non- volcanic 
sediment,  and  the  oeciisinnal  re -appearance  of  thin  ^lartingH  of  tuff  bring 
vividly  Iwfore  the  mind  the  slow  dying  oiit  of  volcanic  enei^  among  the 
Carboniferous  lagoon.^. 

The  comparatively  quiet  character  of  the  volcanic  explosions,  and  the 
contemporaneous  undisturbed  deposition  of  sediment  during  the  earlier  part 
of  the  puy  period,  are  exemplified  in  many  sections  thi-oughoiit  the  areas 
above  enumerated,  as  will  be  more  ftdly  illustrated  in  subsetiuent  pages. 
Two  typical  examples  may  suffice  for  this  general  statement  of  the 
characters  of  the  discharges  of  tutf  in  the  puy-ei^uptions.  In  the  Linlithgow- 
-  shire  cjuarr)'  represented  in  Fig.  150,  where  about  ten  feet  of  strata  have 
been  exposed,  a  black  shale  (1)  of  the  usual  earboiuiceons  character,  so 
common  in  the  Oil-sliale  series  of  this  region,  may  l^e  seen  at  the  Iwttom  of 
the  section.  It  is  covered  by  a  bed  of  nodular 
bluish-grey  tuff  (2)  containing  black  shale  frag- 
ments. A  second  black  shale  (:i)  is  succeeded 
by  a  second  Lhin  hand  of  tine  pale  yellowish 
tuff  (4).  Black  shale  (5)  again  supervenes, 
containing  rounded  fragments  of  tutf,  perhaps 
ejected  lapilli,  and  passing  up  into  a  layer  of 
tuff  (6),  It  is  evident  that  we  have  here  n 
continuous  deposit  of  black  sliale  wliicli  was 
three  times  intcmipted  by  showers  of  volcanic 
ilust  and  stones.  At  the  close  of  the  third  ■ 
interruption,  the  deposition  of  the  shale  was 
renewed  and  continued,  with  siiflicient  slowness  stt.lfe'wrier'     "  "^^  """* '""" 

to  permit  of  the  segregation  of  thin  seams  and 

nodules  of  clay  ironstone  round  the  decomposing  organic  remains  of  the 
muddy  Iwttom  (7).  A  fourth  volcanic  interlude  now  took  place,  and  tiie 
floor  of  the  water  was  mice  more  covered  with  tutf  (8).  Jiut  the  old  con- 
ditions of  deposit  were  immediately  afterwards  resumed  (9);  the  nmddy 
bottom  was  abundantly  peopled  with  ostraeod  crustaceans,  while  many 
fishes,  whose  copmlites  have  been  left  in  the  mud,  haunted  the  locality. 
At  last,  however,  a  much  more  seriouN  volcanic  explosion  took  place.  A 
coarse  j^glomeratic  tuff  (10),  with  blocks  sometimes  nearly  three  feet  in 
diameter,  was  then  thrown  imt,  and  ovempread  the  lagoim.' 

The  second  iUustratiiui  nniy  be  tiiken  from  the  admirable  coast-section 
between  Burntisland  and  Kinghom,  where  the  nundier  of  intercalations  of 
'  Sen  Oeat.  .VurB.  JfoHoirqf  Ediubvryh,  2'.  43.     These  tuffs  are  furtlior  .lescribed  on  pp.  i65ttieq. 
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tuff  is  very  great.  Besides  thicker  well-marked  bands,  successive  in- 
numerable thin  layers  occur  there  among  the  associated  zones  of  sedi- 
mentary strata  which  separate  the  sheets  of  basalt.  The  character  of  these 
tuff-seams  may  be  inferred  from  the  following  details  of  less  than  two  feet 
of  rock  at  I*ettycur  Point : — 


Tuff         ....... 

1-5 

Lnch. 

Limestone              ...... 

0-2 

>» 

Tuff         ....... 

0-5 

»> 

Shale        ....... 

0-2 

»> 

Tuff          ....... 

0-1 

»> 

Shale  and  tuff       ...... 

10 

»» 

Shale        ....... 

0-2 

»» 

Limestone              ...... 

0-5 

» 

Shale  full  of  volcanic  dust               .              .              .              . 

3:5 

» 

Shaly  limestone    ...... 

1-5 

»» 

Laminated  tufaceous  limestone      .              .              .              . 

2-0 

» 

Limestone  in  thin  bands,  with  thin  lamime  of  tuff 

0-8 

» 

Granular  tuff        ..... 

0-6 

»> 

Argillaceous  limestone,  with  diffused  tuff  . 

0-9 

» 

Fine  jj;ranular  tuff              .... 

0-7 

>» 

Argillaceous  limestone,  with  diffused  tuff  . 

1-5 

»> 

Laminated  limestone          .... 

01 

>» 

Limestone,  with  parting  of  granular  tuff  in  middle 

0-9 

» 

Tufaceous  shale    ..... 

2-0 

»» 

Limestone              ..... 

0-4 

>i 

Shaly  tuff             . 

1-25 

»» 

Laminated  limestone          .... 

01 

>♦ 

Tuff         ...... 

1-2 

11 

21 '65  inches. 

Fi 


1. 


151. — Ejecte<l  voK-anic  block   in  Carbon- 
iferous strata,  Burnt  i.sl and. 


Such  a  section  as  this  brings  vividly  before  the  mind  a  long-continued 
intermittent  feeble  volcanic  action  during  i)auses  between  successive  out- 
bursts of  lava.  In  such  intervals  of 
quiescence,  the  ordinary  sediment  of  the 
lagoons  accumulated,  and  was  mixed  up 
with  the  debris  supplied  by  occasional 
showers  of  volcanic  dust.  In  this  Fife 
volcanic  series,  thin  layers  of  sandstone, 
streaked  with  remains  of  the  Carbon- 
iferous vegetation ;  beds  of  shale  full  of 
Hrown  shaly  iirpclay  with  rootlets.  ab<jut  tive  cyprid-cascs,  gauoid  schIcs,  and  fraguicn- 

inclifs;  2.  Iinpure  coal,  live  or  six  inches,  pressjxl  ^                 ji-ii          ri*           ^                     i 

down  in   its   \\\^\y^x  layers  by  the  impact  and  tarV  fcmS  ;    tlUU    OCdS   01    limCStOne,  aud 

weight  of  the  stone  :  :J.  Green  crnnibling  ashy  ,*,«.»,                              .                                 « 

fire-clay,  one  foot,  with  it,s  lower  layers  pressed  baudS    Of    hre-Clay    SUppOrtmg    SCamS    01 

down  by  the  stone  while  the  nj)p«M'  layers  rise  .            i              i         •   i                           o         r«» 

over  it,  nhowinR  that  the  stone  fell  at  the  time  coal,  are  interleaved  With  Strata  of  tun 

whi'n  half  this  seam  was  dej>o.sited.    The  tlre-cluy  r»ii-vT  ii 

passes  up  into  dark   Krennish  and   black  ashy  aild     SllCCtS    01     basalt.        JNOW    aild     tllCll 
shale  (4)  about  six  inches  thick  an«l  <;<mtaininj;  t      i  pi 

plant -remains.      The    stouf    is  a  i>ale  diabase  a     Sliarp     dlSCliargC     01     larger     StOUCS     IS 
weighing  ab<jut  six  or  eight  i»oun«ls.  -  _  .  .         . 

seen  to  have  taken  place,  as  m  the  case 
of  the  block  many  years  ago  described  by  me  as  having  fallen  and  crushed 
down  a  still  soft  bed  of  coal  (Fig.  151).^ 

^  ihoL  Matj.  vol.  i.  p.  22.     This  Fife  coast-section  is  given  in  full  at  p.  470. 
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The  Fife  coast-section  from  which  these  details  are  taken  supplies  almost 
endless  instances  of  the  varying  characters  of  the  pyroclastic  materials  of 
the  puy-eruptions.  The  very  same  cliff,  bank  or  reef  will  show  at  one  point 
an  accumulation  of  excessively  coarse  volcanic  debris  and  at  another  thin 
laminae  of  the  finest  dust  and  lapilli.  These  rapid  gradations  are  illus- 
trated in  Fig.  152,  which  is  taken  from  the  east  end  of  the  Kingswood 
Craig.  The  lower  part  of  the  declivity  is  a  coarse  agglomerate  which  passes 
upward  into  finer  tuff. 

Besides  the  tliin  partings  and  thicker  layers  of  tuff  which,  intercalated 
among  the  sedimentary  strata  of  the  Carboniferous  system,  mark  a  compara- 
tively feeble  and  intermittent  volcanic  activity,  we  meet  in  some  localities 
with  examples  where  the  puys  have  piled  up  much  thicker  accumulations  of 
fragmentary  material  without  any  intercalated  streams  of  lava,  or  inter- 
stratified  sandstone,  shale  or  limestone.  Thus  the  widespread  Houston 
marls  above  described  reach  a  thickness  of  some  200  feet.  The  vents  of 
the  Saline  Hills  in  Fife  covered  the  sea-floor  with  volcanic  ashes  to  a  depth 
of  several  hundred  feet.  In  the  north  of  Ayrshire  the  first  eruptions  of  the 
puys  have  formed  a  continuous  band  of  fine  tuff  traceable  for  some  1 5  miles, 
and  in  places  at  least  200  feet  thick. 

Where  volcanic  energy  reached  its  highest  intensity  during  the  time  of 
the  puys,  not  only  tuffs  but  sheets  of  lava  were  emitted,  which,  gathering 
round  the  vents,  formed  cones  or  long,  connected  banks  and  ridges.  Of 
these  there  are  four  conspicuous  examples  in  Scotland — the  hills  of 
the  Burntisland  district,  the  Bathgate  Hills,  the  ground  between  Dairy  and 
Galston  in  north  Ayrshire,  and  a  broken  tract  in  Liddesdala  Nowhere 
in  the  volcanic  history  of  this  country  have  even  the  minutest  details  of 
that  history  been  more  admirably  preserved  than  among  the  materials 
erupted  from  puys  in  these  respective  districts. 

Lava -cones,  answering  to  solitary  tuff-cones  among  the  fragmental 
eruptions,  do  not  appear  to  have  existed,  or,  like  some  of  those  in  the  great 
lava-fields  of  Northern  Iceland  and  Western  America,  must  have  been  mere 
small  heaps  of  slag  and  cinders  at  the  top  of  the  lava-column,  which  were 
washed  down  and  effaced  during  the  subsidence  and  entombment  of  the 
volcanic  materials.  The  lavas  never  occur  without  traces  of  fragmentary 
discharges.  Two  successive  streams  of  basalt  may  indeed  be  found  at  a 
given  locality  without  any  visible  intercalation  of  tuff,  but  proofs  of  the 
eruption  of  fragmental  material  will  generally  be  observ-ed  to  occur  some- 
where in  the  neighbourhood,  associated  with  one  or  both  of  them,  or  with 
other  lavas  above  or  below  them. 

Where  the  phenomena  of  the  puys  have  been  most  typically  developed, 
lavas  and  tuffs  succeed  each  other  in  rapid  succession,  with  numerous  or  oc- 
casional interstratifications  of  ordinary  sediment.  Perhaps  the  most  complete 
and  interesting  example  of  this  association  is  to  be  found  on  the  coast  between 
Bunitisland  and  Kirkcaldy,  where,  out  of  a  total  thickness  of  rock  which 
may  be  computed  to  be  between  1500  and  2000  feet,  it  will  probably  be  a 
fair  estimate  to  say  that  the  igneous  materials  constitute  four-fifths,  or  from 
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1200  to  1600  feet.  The  lavas  are  varieties  of  basalt  ranging  in  character 
from  a  black  compact  columnar  to  a  dirty  green  earthy  cellular  or  slaggy 
rock.  Each  separate  flow  may  be  on  the  average  about  20  or  80  feet  in 
thickness.  Columnar  and  amorphous  sheets  succeed  each  other  without  any 
interposition  of  fragmentar}' material  (Fig.  l7l).  But  along  the  junctions  of 
the  separate  flows  layers  of  red  clay,  like  the  bole  between  the  basalts  of  the 
Giant's  Causeway,  may  frequently  be  noticed.  The  characteristic  slaggy 
aspect  of  the  upper  parts  of  these  ancient  couU^s  is  sometimes  remarkably 
striking.  The  full  details  of  this  most  interesting  section  will  be  given  in 
later  pages  (p.  470).  But  some  of  its  more  characteristic  external  features 
may  be  understood  from  the  views  which  are  presented  in  Figs.  152,  153, 
170,  171. 

The  general  bedded  character  of  the  volcanic  series  is  well  shown  iii 
Fig.  153,  which  represents  the  alternations  of  lavas  and  tuffs  in  the 
Kingswood  Craig  two  miles  to  the  east  of  Burntisland.  The  harder 
basalts  will  be  seen  to  project  as  bold  crags  while  the  tuffs  and  other 
stratified  deposits  between  them  give  rise  to  grassy  slopes  and  hollows.  A 
nearer  view  of  the  alternation  of  lavas  and  tufis  with  non-volcanic  sedimentarv 
deposits  is  supplied  in  Fig.  170,  which  is  taken  from  a  part  of  the  Fife  coast  a 
little  further  to  the  east  than  the  last  illustration.  Here  one  of  the  limestones 
of  the  Carboniferous  Limestone  series  is  overlain  with  shale  and  tuff,  which, 
being  easily  disintegrated,  have  been  cut  away  by  the  waves,  leaving  the 
lava  above  to  overhang  and  fall  ofi*  in  blocks.  The  columnar  structure  of 
some  of  the  basalts  of  this  coast  is  well  brought  out  in  Fig.  171,  w'hich 
shows  further  how  the  columns  sometimes  merge  into  an  amorphous  part  of 
the  same  sheet. 

These  Fife  basalts  illustrate  admirably  the  peculiarities  of  the  sheets 
of  lava  which  are  intercalated  among  the  Carboniferous  strata.  They  show 
how  easy  it  generally  is  to  discriminate  between  such  sheets  and  intrusive 
sills.  The  true  lavas  are  never  so  largely  crystalline,  nor  spread  out  in 
such  thick  sheets  as  the  sills;  they  are  frequently  slaggy  and  amygdaloidal, 
especially  towards  the  top  and  bottom,  the  central  portion  being  generally 
more  fine-grained  and  sometimes  porphyritic.  Where  most  highly  cellular 
they  often  decompose  into  a  dull,  earthy,  dirty-green  rock.  Where  they  form 
a  thick  mass  they  are  usually  composed  of  different  beds  of  varying  texture. 
Except  the  differences  between  the  more  compact  centre  and  the  slaggy 
layer  above  and  below,  the  bedded  lavas  do  not  present  any  marked  varia- 
tion in  composition  or  structure  within  the  same  sheet.  A  striking  exception 
to  this  rule,  however,  is  furnished  by  the  Bathgate  "  leckstone "  already 
described.^  This  mass  forms  a  continuation  of  the  great  basaltic  ridge  of 
the  Bathgate  Hills,  and  though  its  exact  relations  to  the  surrounding  strata 
are  concealed,  it  appears  to  be  an  interbedded  and  not  an  intrusive  sheet. 
The  remarkable  separation  of  its  constituent  minerals  into  an  upper,  lighter 
felspathic  layer,  and  a  lower,  heavier  layer,  rich  in  olivine,  augite  and  iron- 
ores,  is  a  structure  which  might  be  more  naturally  expected  to  occur  in 

1  Trans,  Roy.  Soc.  Edin,  xxix.  (1879)  p.  504. 
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a  sill.  Aw  iiistiince  of  its  development  in  an  uiuloiiLted  sill  will  lip 
described  fiirtlier  on.  Nevertheless,  if  we  fidlow  the  trend  of  the  voleanit- 
band  of  the  Bathgate  Hills  southward  for  only  two  miles  Ireyond  the  picrite 
quarry,  we  find  in  the  Skolie  ISuni  a  rock  in  many  it'.sjiects  similar,  ami 
quarried  for  the  same  purtKise  of  liuikling  uveu-soles,     Thia  "leekstone"  is 
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platform,  a  mass  of  ordinary  sediment  between  the 
lavas  or  tuffs  already  erupted  and  those  of  buc- 
ceeding  discharges,  and  thuB  to  furaisb  valuable 
geological  chronometers  by  which  to  define  the 
stratigraphical  horizons  of  the  successive  phases  of 
volcanic  energy. 

The  volcanic  banks  or  ridges  not  improbably 
emerged  as  islets  out  of  the  wat«r,  and  were  some- 
times ten  miles  or  more  in  length.  Their  materials 
were  supplied  from  many  separate  vents  along  their 
surface,  but  probably  never  attained  to  anything 
approaching  the  elevation  which  they  would  have 
reached  had  they  been  poured  out  upon  a  stable 
platform.  This  feature  in  the  history  of  the  vol- 
canic ridges  is  admirably  shown  by  the  fact  just 
referred  to,  that  recognizable  stratigraphical  horizons 
can  sometimes  be  traced  right  through  the  heart 
of  the  thickest  volcanic  accumulations.  One  of 
the  largest  areas  of  basalts  and  tufls  connected 
with  the  puys  is  that  of  the  Linlithgow  and  Bath- 
gate Hills,  where,  as  already  remarked,  a  depth  of 
some  2000  feet  of  igneous  rocks  has  been  piled 
up.  Yet  several  well-known  seams  of  stone  can 
I>e  traced  througli  it,  such  as  the  Hurlet  Lime- 
stone and  the  Index  Limestone  (Fig.  155).  Only 
at  the  north  end,  where  the  volcanic  mass  is  thickest 
and  the  surface -exposures  of  rock  are  not  con- 
tinuous, has  it  been  impossible  to  subdivide  the 
mass  by  mapping  intercalations  of  sedimentary 
strata  across  it.  It  would  thus  aeeni  that,  even 
where  the  amplest  accumulations  gathered  round 
tlie  puys,  they  formed  low  flat  domes,  rather  than 
prominent  hills,  which,  as  subsidence  went  on  and 
the  tuff-cones  were  washed  down,  gradually  sank 
under  water,  and  were  buried  under  the  accumulat- 
ing silt  of  the  sea-floor. 

As  a  detailed  illustration  of  the  manner  in 
which  the  growth  of  organically-formed  limestones 
and  the  deposit  of  ordinary  sediment  took  place 
concurrently  with  the  occasional  outflow  of  la^-a- 
streams  over  the  sea-bottom,  I  may  cite  the  Beetiou 
presented  in  another  Linlit^owshure  quarry  (Fig. 
156).  At  the  Irottom  of  the  group  of  strata  there 
exposed,  a  pale  amygdaloid al,  somewhat  altered 
basalt  (A)  marks  the  upper  surface  of  one  of  the 
submarine  lavas  of  the  period.     Directly  over  it 
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comes  a  bed  of  limestone  (B)  15  i'eet  thick,  the  lower  layers  of  whicli  are 

made  up  of  a  dense  growth  of  the  thin-stemmed  coral  Lithostiotion  intgulaie. 

The   next  stratum  is  a  band  of  dark  shale  (C  ) 

about  two  feet  thick,  followed  by  about  the  same 

thickness  of  an  impure  limestone  with  shale  seam-* 

(D).     The  conditions  for  coral  and  erinoid  growth 

were  evidently  not  favourable,  for   this   argilia 

ceoits  limestone  was  eventually  arrested  firft  b^ 

the  deposit  of  a  dark  mud,  now  to  be  seen  m 

the  form  of  three  or  four  inches  of  a  black  pjii- 

tous  shale  (E),  and  next  by  the  inroad  of  a  large 

quantity  of  dark  sandy  mud  and  drift  vegetation 

which  has  been  preserveil  as  a  sandy  shale  (i ), 

containing  Calamites,  ProdncH,  ganoid  scales  and 

other  traces  of  the   life  of  the   time.      Finallj, 

a  great  sheet  of  lava,  represented  bj'  the  upper 

most  amygdaloid   (G),   overspread   the  area,  and 

sealed  up  these  records  of  Pahvozoic  history.' 

Among  the  phenomena  associated  with  the 
Carboniferous  volcanoes  mention  may,  in  con- 
clusion, be  made  of  the  evidence  for  the  formei 
existence  of  thermal  springs  and  saline  sublimations  oi  inciuslations. 
Among  tlie  plateau-tufls  of  North  IJerwiek,  as  has  been  dlread}  pomted  out  (p. 
390),  a  fcetid  limestone  lias  lieen  nuarried,  whith  btai-s  indications  of  having 
been  deposited  by  springs,  probably  in  connection  witli  the  ^okanii.  atlion 
of  the  district,  Tlie  lower  hniestoues  of  Itatligate  furnish  abundant  lamirne 
of  silica  interleaved  with  calcareous  matter,  the  wliole  probablj  due  to  the 
action  of  siliceous  and  calcareous  springs  connected  with  the  .nti\e  pujs  of 
that  district.  Some  portions  of  the  limestone  aic  tull  of  cellulji  spate-i, 
lined  with  chalcedony."  A  saline  water  has  been  met  witli  among  the 
volcanic  rocks  to  the  west  of  Linlithgow,  in  a  bore  which  wns  sunk  to  a 
depth  of  ;J-i8  feet  in  these  rocks  without  reaching  their  bottom  The 
water  that  rose  from  the  bore-liole  was  found  to  nmtain  as  muLh  is  l<i5 
grains  of  chloride  of  sotlium  in  the  gallon.  It  is  not  iinpnibable  that  this 
salt  was  originally  pixiduced  by  incrustations  on  the  Larbonileious  la\as 
immediately  after  their  eruptitm,  as  has  liappeiiLd  so  olten  m  recent  times 
at  Vesuvius,  and  that  it  was  tlien  buried  undet  ■'Ucceeding  showers  of  tulf 
anil  streams  of  lava.^ 

Siibscf/itent  Didocation  of  Bnlded  Lar»s  nml  Ti'ff-' — As  the  intei^stratihcd 
volcanic  materials  wero  laid  down  in  sheets  at  the  suiface  tbtj  neti ssarily 
l)ehave  Uke  the  ordinary  sedimentary  strata,  and  ha-ve  uiidergom,  with  them 
the  various  curvatures  and  fmetures  which  h(i\e  occuried  snitf  C.irlion- 
Oology  of  EiliiibiLLgli,"  |>.  S8. 


-  Ibid.  !■.  49,  el  i>cq. 

^  Pmc.  Jioy.  Sa:  Kdi.i.  vol.  ix.  p.  367.  Besides 
ciiloriiUs  of  ealciuni,  Tnagueaiuni  and  [lotaasiiim,  i': 
lime,  &nil  other  ingredients  in  minute  [iroiKtrtians. 


hlurifU  i>l  Doiliuiu  the  uuttr  contained  alsu 
rboustes  of  time  and  magnesia,  Nulpliate  of 
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iferoiis  times.  Notwithstanding  their  volcanic  nature,  they  can  be  traced 
and  mapped  precisely  as  if  they  had  been  limestones  or  sandstones.  This 
perfect  conformability  with  the  associated  stratified  rocks  is  strikingly  seen 
in  the  case  of  the  sheets  of  lava  which  lie  imbedded  in  the  heart  of  the 
great  volcanic  ridge  of  Linlithgowshire.     The  overlying  strata  having  been 


BONirVTOUN      MIU.. 


LIMUTHCOW 
UOCH. 


riRTH    OF    FORTH. 


Fig.  157. — Section  from  Liulithgow  Locli  to  tlie  Firth  of  Forth. 

removed  from  their  surface  for  some  distance,  and  the  ground  having  been 
broken  by  faults,  these  volcanic  rocks  might  at  first  be  taken  for  irregular 
intrusive  bosses,  but  their  true  character  is  that  shown  in  Fig.  157,  wliere 
by  a  succession  of  faults,  with  a  throw  in  the  same  direction,  the  upper 
basalts  of  Bonnytoun  Hill  are  gi-adually  brought  down  to  the  level  of  the 
Firth  of  Forth. 


in.    SILLS,  BOSSES  AND  DYKES 

One  of  the  characteristic  features  of  Central  Scotland  is  the  great 
number,  and  often  the  large  size  and  extraordinary  persistence,  of  the  masses 
of  eruptive,  more  or  less  basic  material,  which  have  been  injected  among  the 
Carboniferous  strata.  The  precise  geological  age  of  these  intrusions  cannot, 
of  course,  be  more  exactly  defined  than  by  stating  that  they  are  younger 
than  the  rocks  which  tliey  traverse,  though  in  many  cases  their  association 
with  the  necks,  lavas  and  tuffs  is  such  as  to  show  that  they  must  be 
regarded  as  part  of  tlie  Carboniferous  volcanic  phenomena. 

Sills. — With  regard  to  tlie  sills  I  have  been  led,  for  the  following 
reasons,  to  connect  the  great  majority  of  them  with  the  puys,  though  some 
are  certainly  of  far  later  date,  while  others  should  possibly  be  assigned 
to  the  plateaux. 

In  the  first  place,  the  sills  obviously  connected  with  the  plateaux  are  in 
great  measure  intermediate,  or  even  somewhat  acid  rocks,  while  those  of  the 
puy  series  are  much  more  basic.  It  is  hardly  possible,  however,  in  all  cases 
to  decide  to  which  series  a  pirticular  sill  should  be  assigned.  This  difficulty 
is  particularly  manifest  in  the  western  part  of  Midlothian,  where  the  plateau 
of  that  district  exhibits  such  frequent  interruption,  and  where  it  often  con- 
sists only  of  a  single  basaltic  sheet.  To  the  west  of  it  lie  the  abundant 
puys  with  their  lavas  and  tuffs,  and  between  the  two  volcanic  areas 
numerous  sills  of  dolerite  and  diabase  make  their  appearance.  In  the 
difficulty  of  decidmg  to  which  series  these  sills  sliould  be  referred,  it  will  be 
convenient  to  consider  them  with  those  of  the  puys. 
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A  i-eniarkable  ill  us  Initio  ii  of  the  contvast  in  petrographical  ehariicter 
between  the  typical  sills  of  the  plateaux  and  those 
of  the  piiys  is  furnished  by  the  chain  of  the  Uanipsie 
Fells,  where,  on  the  noi'th  side,  among  the  Calciferous 
Sandstones  wliich  emerge  fiimi  under  the  amlesitic 
lavas  of  the  Clyde  plateau,  many  intrusive  sheets  and 
bosses  <»f  traehytie  niaterial  may  be  seen,  while  on 
the  southern  side  come  the  great  basic  sills  which, 
from  Milngavie  by  Kilsyth  to  Stirling,  run  in  the 
Carboniferous  Limestone  series  {Fig.  158).  A  similar 
contrast  may  be  observed  in  Itenfrewshire  between 
the  trachytic  sills  below  the  plateau-la^iis  south  of 
Greenock  and  the  basic  sills  aboM,  these  Ia\a8  in  the 
Carboniferous  Limestone  series  in  nn  [  Johnstone  an  I 
I'aisley. 

In  the  seciind  place,  the  mute  Ijasic  sdh  as  i 
rule,  appear  on  platforms  hif,her  in  stiatigraphicil 
position  than  the  plateaux  an  1  wheie\er  this  is 
their  position  tliere  cannot  le  anj  hesitation  in  de 
ciilin*;  against  their  associatit  n  w  ith  the  oldei  \  h  ise 
of  volcanic  activity. 

In  the  thinl  jilace,  the  basic  sills  often  octin  in 
obvious  connection  with  the  vents  or  letlded  l«\is 
and  tufl's  of  tlie  puy  series.  V  LOiispicnous  cximik 
of  this  dependence  is  supplied  l\  the  intiiisi\e  -"Jieets 
of  Bunilialand,  underlying  the  I  asalts  uid  lufts  of 
that  district  in  the  immediate  neir,hlK)uiliood  of  some 
of  the  \ents  Iroin  «liich  tlitse  1  edded  rocks  weie 
eiupted  (Iig    1  Y)) 

In  the  louith  place,  L\eii  whtie  nu  \isible  \tiits 
.Liipc.ti  now  .it  the  snri.iee  m.  ii  tin  sdls  the  lattti 
generally  occupy  horizons  withni  tin.  strati^i-apjiicil 
lange  indicated  bj  the  inteibedled  \okinit  inks 
It  must  be  lememlieied  that  ill  the  Ciibonifer  us 
\ents  were  deejilj  buiied  un  ler  scdimcntin  deposits 
and  that  laigc  .is  is  the  number  <  I  tlieni  whith  Ins 
been  evposed  by  ileiiudatioii  it  is  prol  abU  ninth 
smallfi  tlinii  the  mnnbci  snH  niKCiled  trom  i  ui 
view  The  sills  arc  to  lie  ic^udel  is  lecp  suited 
jiarts  ot  tilt  \oI(aiiic  jirutnisions  ind  tliu  moic 
especLilh  apjicar  at  the  surhc  mIhil  tliL  sti  ita 
lietween  wIulIi  thej  «eie  nijt,  ted  (.n  j.  ut  fi  mi 
undei  some  ol  tlie  Jitgher  mtmlxi-s  if  tlit  C  iib  n 
ifelous  8}stem  Thus  the  tliu  iil  d  1l  „n«n  t  sills 
lietwcen  Kilsjth  ami  Stulm^  (li^  168)  mij  (piite 
possibly  be  connected   with  a  group  of  ^ents  Ijing 


*    S' 
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not  far  to  the  eastward,  but  now  buried  under  the  higher  parts  of  the 
Carboniferous  Limestone,  Millstone  Grit  and  Coal-measures.  Again,  the 
great  series  of  sills  that  gives  rise  to  such  a  conspicuous  range  of  hills  in 
the  north  and  middle  of  Fife  may  have  depended  for  its  origin  upon  the 


Fig.  159. — Section  showing  the  position  of  the  basic  sills  in  relation  to  the  volcanic  series  at 

Burntisland,  Fife. 

1.  Calcifcrous  Sandstone  series  ;  1.  Burdiehoase  Limestone ;  8.  Sandstones,  shales  and  tuffs ;  4.  Basalts  and  tuffs, 
with  intercalations  of  sandstone,  shale  and  limestone ;  5.  Agglomerate  of  the  Blnn  of  Burntisland  neck ;  0. 
Basalt  dyke ;  7.  Dyke  and  sill ;  8  8  8.  Three  siUs. 

efforts  of  a  line  of  vents  running  east  and  west  through  the  centre  of  the 
county,  but  now  buried  under  the  Coal-measures.  Some  vents,  indeed,  have 
been  laid  bare  in  that  district,  such  as  the  conspicuous  groups  of  the  Saline 
Hills  and  the  Hill  of  Beath,  but  many  more  may  be  concealed  under  higher 
Carboniferous  strata  further  east. 

In  the  fifth  place,  the  materials  of  which  the  sills  consist  link  them  in 
petrographical  character  with  those  that  proceeded  from  the  «puys.  The 
rocks  of  the  intrusive  sheets  in  West  Lothian,  Midlothian  and  Fife  are  ver}* 
much  what  an  examination  of  the  bedded  lavas  of  the  puys  in  the  same 
region  would  lead  us  to  expect.  There  is,  of  course,  the  marked  textural 
difference  between  masses  of  molten  rock  which  have  cooled  very  slowly 
within  the  crust  of  the  earth  and  those  which  have  solidified  with  rapidity 
at  the  surface,  tlie  sills  being  for  the  most  part  much  more  coarsely  cr}'stal- 
line  than  the  lavas,  and  more  uniform  in  texture  throughout,  though 
generally  finer  at  the  margins  than  at  the  centre.  There  is  likewise  the 
further  contmst  arising  from  differences  in  the  composition  of  the  volcanic 
magma  at  widely-separated  periods  of  its  extravasation.  At  the  time  when 
the  streams  of  basalt  flowed  out  from  the  puys  its  constitution  was  compara- 
tively basic,  in  some  localities  even  extremely  basic.  Any  sills  dating  from 
that  time  may  be  expected  to  show  an  equal  proportion  of  bases.  But 
those  which  were  injected  at  a  long  subsequent  sUige  in  the  volcanic  period 
may  well  have  been  considerably  more  acid. 

In  actual  fact  the  petrographical  range  of  the  sills  reasonably  referable 
to  the  puy-eruptions  varies  from  picrite  or  limburgite  to  dolerite  without 
olivine.  The  great  majority  of  these  sheets  in  the  basin  of  the  Firth  of  Forth, 
where  they  are  chiefly  displayed,  are  dolerites  (diabases),  sometimes  w^th,  but 
more  frequently  without,  olivine.  They  include  all  the  more  coarsely  crystal- 
line rocks  of  the  region,  though  occasionally  they  are  ordinary  close-grained 
basalts.  Their  texture  may  be  observed  to  bear  some  relation  to  their  mass, 
Qo  far  at  least  as  that,  where  they  occur  in  beds  only  two  or  three  feet  or 
yards  in  thickness,  they  are  almost  invariably  closer-grained.  A  cellular  or 
amygdaloidal  texture  is  seldom  to  be  observed  among  them,  and  never  where 
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they  are  lai^elj  crystalline.  This  texture  is  most  often  to  be  found  in  thin 
sills  which  have  been  injeetetl  among  carbonaceous  shales  or  coals.  These 
intrusive  sheets  are  generally  finely  cellular,  and  more  or  less  decayed 
("  white  trap  "). 

Differences  of  texture  may  often  be  oljserved  within  short  distances  in 
tlie  same  sill,  and  likewise  consideraI>le  varieties  iu  colour  and  composition. 
The  most  finely  crystalline  jwrtions  are,  as  usual,  those  along  the  junction 
with  the  stratified  racks,  the  most  crystalline  occnrriug  in  the  central  jMirts 
of  the  mass.  A  diminution  in  the  size  of  the  crystalline  constituents  may 
be  traced  not  only  at  the  base,  but  also  at  the  toj)  of  a  sheet,  or  at  aiiy 


t'lu.  160. — .SillH  bctvci;!!  abnli'f  am)  miuUtoiies  Houml  Point,  Liiilitligowahin'. 

iutennediate  portion  whicii  has  come  in  contact  with  a  lai^'e  mass  of  the 
surrounding  rock.  A  goot.1  illustration  is  supplietl  by  the  intrusive  .sheet  at 
Hound  I'oint  (Fig.  160),  to  the  east  of  South  Queensferry,  where  some 
layers  of  shale  liave  been  involved  in  the  igneous  nxrk,  which  becomes 
remarkably  close-grained  along  the  junction.'  This  ehanfic  in  texture  and 
absence  of  cellular  structure  form  a  well-marked  distinction  l)etween  these 
sheets  and  those  which  have  tiowud  out  at  the  surface  as  true  laia-streams. 

Some  of  the  larger  dolerilic  sills  display  a  somewhat  coarsely  crysttdlinc 
texture  in  their  central  portions,  and  occasionally  present  a  notable 
micropegmatitic  agj<regate,  which  plays  the  part  of  intei'Stitiiil  substance 
enclosing  the  other  minerals,  ilr.  Teall  has  referred  to  the  frequent  occur- 
rence of  this  structure  in  the  courser  parts  of  the  Whin  Sill  of  the  north  of 
England.*  It  occurs  also  in  a  marked  degree  in  the  Katho  sill  and  in  sonu; 
IJortions  of  the  great  dolcritic  sill  of  which  the  crags  of  Stirling  fonii  a  part.^ 

But  lieside  the  diHcrences  in  texture,  maiidy  due  to  varying  uites  of 
cooling,  the  siils  sometime"  exhibit  striking  varieties  of  comiM  wition  in  the 
same  mass  of  rock.  These  variations  are  more  csiiecially  noticeable  among 
the  larger  sills,  and  particularly  wliere  the  material  is  most  markf<lly  basic. 
The  special  type  of  differentiation,  so  noticeable  hi  the  Hathgate  dialiase  and 
l>icrite  miiss  already  tdludud  tt),  is  likewise  well  exhibited  in  an  intrusive 
sheet  or  group  of  sheets,  recently  exposed  at  liarntmi,  In  the  ciitling  of  a 
railway  from  l-iUnburgh  to  ( 'raniond '  { Kig.  1 C I ).     The  intrusive  nature  of  the 

'  SMH«yCumiiiigliamH"hAviy,"  j..  liH.Mid  pUtpix.:  ami  Umt.  .VK^r-;!  .V.;moiV  i.ii  "CJcIiik)- 
of  Eililihui'gh,"  i>.  IIJ.  ■  fin'i'A  i'rtmjnijdoj,  \i.  aOS. 

'  Mr.  H.  W.  .M..npkloii.     V"<"'f-  J««"''il  '■"'"'-  i'"<--  vol.  li.  (IN95),  \^.  482. 

'  Thto  Tock  liRK  Ix-i'ii  JeKrilnit  by  Ur.  J.  Htiidenou  and  Mr.  Goorlchild,  Tram.  Ileal.  Hoc. 
Mia.  Ti.  (1893)  pji.  291,  301,  mid  I'y  Mr,  H.  W.  Honcktoii,  QnaH.  Jaum.  h'tol.  Hoe.  L  <1894) 
vol-  I  2  O 
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several  bands  of  igneous  rock  which  occur  here  is  made  quite  evident  by  the 
alteration  they  have  produced  upon  the  shales  with  which  they  have  come 
in  contact.  It  is  the  uppennost  and  most  extensive  of  these  sills  which 
specially  deserves  notice,  for  the  differentiation  of  its  constituents.  It 
stretches  along  the  cutting  for  several  hundred  yards  at  an  angle  of  dip  of 
about  lo''.  At  the  western  or  upper  part  of  the  mass  its  actual  contact 
with  the  superincumbent  sedimentary  strata  is  not  visible,  but  as  the 
igneous  rock  is  there  a  good  deal  finer  in  grain  than  elsewhere,  its  upper 
surface  cannot  be  many  feet  distant.     The  upper  visible  portion  is  a  light 


/ 


1.  6ake<l  sliale ;  2.  Sill  of  vf>ry  felspathic  dolerite  about  nine  feet  thick  :  S.  Baked  shale,  eight  inches  :  4.  Lhtlerite 
showinK  chilled  flne-graine<l  edge  and  adhering  finnly  to  the  shale  below*,  it  rapidly  passes  up  into  (5)  I^crite 
with  white  felsixathic  veins  (tf);  7.  Junction  of  picrite  and  dolerite  with  a  similar  vein  along  the  line  of 
contact ;  8.  Large  globular  body  of  dolerite  enclosing  a  mass  of  picrite. 

well-crystallized  dolerite  with  a  rudely  bedded  structure,  the  planes  dipping 
westwards  at  15°.  About  20  or  30  feet  below  the  upper  visible  tennination 
of  the  mass,  the  dark  ferro-magnesian  minerals  begin  rapidly  to  increase  in 
relative  proportion  to  the  pale  felspar,  and  the  rock  consequently  becomes 
dark -greenish  brown.  The  change  is  particularly  noticeable  in  certain 
bands  which  run  parallel  with  the  general  dip.  There  is  no  definite  line 
between  the  pale  and  dark  body  of  the  rock,  the  two  graduating  into  each 
other  and  the  darker  part  becoming  deeper  in  colour,  heavier  and  more 
decomposing,  until  it  becomes  a  true  typical  picrite.  Even  in  this  ultra-basic 
portion  the  same  rude  bedding  or  banding  may  be  observed. 

Veins  in  which  felspar  predominates  over  the  darker  minerals  traverse 
the  rock,  sometimes  parallel  with  the  bedding,  sometimes  across  it.  They 
vary  from  less  than  an  inch  to  a  foot  in  width,  sometimes  dividing  and 
enclosing  parts  of  the  surrounding  mass.  But  that  they  are  on  the  whole 
contemporaneous  with  the  sill  itself,  and  not  long  subsequent  injections,  is 
shown  by  the  way  in  which  the  dark  ferro-magnesian  minerals  project  fix)m 
the  picrite  into  the  veins  and  lock  the  two  together. 

But  besides  these  injections,  which  doubtless  represent  the  last  and 
more  acid  portions  of  the  magma  injected  into  the  basic  parts  before  the 
final  consolidation  of  the  whole,  there  are  to  be  observed  irregular  concre- 
tionary patches,  of  similar  character  to  the  veins,  distributed  through  the 
picrite.  On  the  other  hand,  towards  its  base  the  sill  becomes  a  coarse 
dolerite  round  which  the  picrite  is  wrapped,  and  which  encloses  a  detached 
portion  of  that  rock. 

It  is  deserving  of  note  that  while  the  ultra -basic  portion  descends 
almost  to  the  very  bottom  of  the  sill,  the  lowest  five  feet  show  the  same 

p.  39.     Mr.  Goodchild  recognized  the  occurrence  of  picrite,  and  Mr.  Monckton  has  described  tlie 
succession  of  rocks,  and  given  a  diagram  of  them. 
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change  as  occurs  at  the  top  of  the  mass.  There  the  felspar  rapidly  begins 
to  predominate  over  the  darker  minerals,  and  the  dolerite  into  which  the 
rock  passes  shows  a  fine-gi'ained  margin  adhering  firmly  to  the  shales  on 
which  it  rests.  This  lower  doleritic  band,  showing  as  it  does  the  eflect  of 
chilling  upon  its  under  surface,  may  be  due  to  more  rapid  cooling  and 
crystallization,  while  in  the  overlying  parts  the  mass  remained  sufficiently 
mobile  to  allow  of  a  separation  of  the  heavier  minerals  from  the  felspars, 
which  appeal'  in  predominant  quantity  towards  the  top.  It  must  be  frankly 
admitted,  however,  that  we  are  still  very  ignorant  of  the  causes  which 
led  to  this  separation  of  ingredients  in  a  few  sills,  while  they  were  entirely 
absent  or  non-efficient  in  most  of  them. 

The  intrusive  character  of  the  Carboniferous  sills  of  Central  Scotland 
and  their  contact-metamorphism  have  been  fully  described,  and  some  of 
them  have  become,  as  it  were,  "  household  words  "  in  geology.^  Exposed  in 
so  many  fine  natural  sections  in  the  vicinity  of  Edinburgh,  they  early 
attracted  the  notice  of  geologists,  and  furnished  a  battle-ground  on  which 
many  a  conflict  took  place  between  the  Plutonist  and  Neptunist  champions 
at  the  beginning  of  the  present  century. 

As  the  sills  frequently  lie  in  even  sheets  perfectly  piirallel  with  the 
bedding  of  the  strata  between  which  they  have  been  injected,  care  is  required 
in  some  cases  to  establish  that  they  are  of  intrusive  origin.  One  of  the 
most  obvious  tests  for  this  purpose  is  furnished  by  the  alteration  they 
produce  among  the  strata  through  which  they  have  made  their  way, 
whether  these  lie  above  or  below  them.  The  strata  are  sometimes  crumpled 
up  in  such  a  manner  as  to  indicate  considerable  pressure.  Tliey  are  occa- 
sionally broken  into  fragments,  though  tliis  may  have  l)een  due  mther  to 
the  effects  of  gaseous  explosions  than  to  the  actual  protrusion  of  melted 
rock.  But  the  most  frequent  change  superinduced  upon  them  is  an 
induration  which  varies  greatly  in  amount  even  along  the  edge  of  the  same 
intrusive  sheet.  Sandstones  are  hardened  into  quartzite,  breaking  with  a 
smooth  clear  glistening  fracture.  Coals  are  converted  into  a  soft  sooty 
substance,  sometimes  into  anthracite.  Limestones  acquire  a  crystalline 
saccharoid  stnicture.  Shales  pass  generally  into  a  kind  of  porcellanite,  but 
occasionally  exhibit  other  types  of  contixct-metamorphisui.  Thus  below  the 
thick  picrite  sill  at  IWnton,  near  Edinburgli,  the  shales  have  assumed  a 
finely  concretionary  structure  by  the  appearance  in  them  of  spherical  pea-like 
aggregates. 

Another  proof  of  intrusion  is  to  be  found  in  the  manner  in  which  sills 
catch  up  and  completely  enclose  p<jrtions  of  the  overlying  stnita.  The 
well-known  examples  on  Salisbury  Crags  (Eig.  162)  are  jMiralleled  l>y  scores 
of  other  instances  in  different  parts  of  the  same  region. 

Moreover,  sills  do  not  always  remain  on  the  same  horizon ;    that  is, 

*  See,  for  instance,  Maclaren's  f/colwjt/  of  Fife  and  the  Lothiniu%  1839  ;  Ilay  CunninghanrH 
Esaat/t  previously  cited  ;  Geolofjical  Survey  Menwir  on  the  OrnUtgy  of  EtUnhmfh  (^Sbeet  32),  1861  ; 
Mr.  Allport,  Qtutrt.  Joum.  OeoL  Soc.  vol.  xxx.  (1874)  p.  553  ;  Tcall,  BritisJi  IMrof/raphtfy  p.  187  ;  E. 
Stecher,  CoiUadencheinungen  an  sehottiscJun  Olivindiabascnf  Tschenuak's  Minemiog.  MUtheil,  vol. 
ix.  (1887)  p.  145 ;  Proc,  Bmj,  Soc.  £din.  voL  xv.  (1888)  p.  160. 


4Sa 


THE  CARBONIFEROUS  VOLCANOES 


between  the  same  strata.  They  may  !«  olaerved  to  steal  across  or  break 
through  the  beds,  so  aa  to  lie  successively  between  different  layers.  No 
more  instructive  example  of  tliis  relation  on  a  small  scale  could  be  cited 
tban  that  of  the  intrusive  sheet  which  has 
been  laid  open  in  the  Dodhead  Limestone 
Quarrj',  near  Burntisland.  As  shown  in  the 
accompanying  figure  (Fig.  163),  tliis  rock 
breaks  through  the  limestone  and  then  spreads 
out  among  the  overlying  shales,  across  which 
it  passes  obliquely. 

Among  the  larger  sills  this  transgressive 
character  is  seen  to  be  sometimes  manifested 
on  a  great  scale.  Thus,  along  the  important 
belt  of  intrusive  rocks  that  runs  from  Kilsyth 
to  Stirling,  the  Kurlet  Limestone  lies  in  one 
place  below,  in  another  above,  the  invading 
\  mass,  but  in  the  intervening  ground  has  been 
)■  Crags,  engiilphed  in  it  Simitar  evidence  of  the 
widely  separate  horizons  occupied  by  different 
parts  of  the  same  sill  is  supplied  at  Kilsyth,  where  the  intrusive  sheet 
lies  about  70  or  80  fathoms  below  the  Index  Limestone,  while  at  Croy,  in 
the  same  neighbourhood,  it  actually  passes  above  that  seam.' 

Other  interesting  evidence  of  the  intrusive  nature  of  the  Carboniferous 
dolerite  sills  of  Central  Scotland  is  supplied  by  the  internal  niodifieations 
which  the  eruptive  rock  has  undei^one  by  contact  with  the  strata  between 
which  it  has  l>een   thrust.     These  alterations,  though  partly  visible  to  the 


1.  162. — ^Intrusivv  dolerite  sheet  ei 
closiDg  and   mtadin;;   threailH 
portions  oT  shale.  Salisb' 
Eilinburgh. 


uvxliiig  limeatoi 


naked  eye,  are  best  studied  in  thin  slices  with  the  aid  of  the  microscope. 
Tracing  the  variations  of  an  intrusive  dolerite  outwards  in  the  direction  of 
the  rocks  which  it  lias  invaded,  we  jierceive  change  first  in  the  augite.  The 
lai^e  crystals  and  kernels  of  that  mineral  grow  smaller  until  they  pass  into 
a  granulated  fonn  like  that  characteristic  of  basalts.  The  large  plates  and 
'  ExpUnatioo  of  Sheet  31,  Gcatogkal  Siirvfy  of  ScaUaiid,  g§43audS3. 
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amorphous  patches  of  titaniferous  iron  or  magnetite  give  place  to  minute 
particles,  which  tend  to  group  themselves  into  long  club-shaped  bodies.  The 
labradorite  continues  but  little  afl'ected,  except  that  its  prisms,  though  as 
defined,  may  not  be  quite  so  large.  The  interstitial  glassy  groundmass  remains 
in  much  the  same  condition  and  relative  amount  as  in  the  centre  of  the  rock. 

Along  the  line  of  contact,  while  the  dolerite  becomes  exceedingly  close- 
grained,  its  felspar  crystals  are  still  quite  distinct  even  up  to  the  very  edge. 
But  they  become  fewer  in  relative  number,  and  still  smaller  in  size,  though 
an  occasional  prism  two  or  three  millimetres  in  length  may  occur.  They 
retain  also  their  sharpness  of  outline,  and  their  comparative  freedom  from 
enclosures  of  any  kind.  They  tend  to  range  themselves  parallel  with  the 
surface  of  the  contact-rock.  Tlie  augite  exists  as  a  finely  granular  pale  green 
substance,  which  might  at  first  be  taken  for  a  glass,  but  it  gives  the  charac- 
teristic action  of  augite  with  polarized  light.  It  is*  intimately  mixed  through 
the  clear  glass  of  the  groundmass,  which  it  far  exceeds  in  quantity.  The 
iron  oxides  now  appear  as  a  fine  granular  dust,  which  is  frequently  aggre- 
gated into  elongated  club-shaped  objects,  as  if  round  some  inner  pellucid  or 
translucent  microlite.  In  patches  throughout  the  field,  however,  the  oxides 
take  the  form  of  a  geometrically  perfect  network  of  interlacing  rods.  This 
beautiful  structure,  described  and  figured  by  Zirkel  and  others,^  is  never  to 
be  seen  in  any  of  the  dolerites,  except  close  to  the  line  of  contact  with  the 
surrounding  rocks.  It  occurs  also  in  some  of  the  dykes.  I  have  not 
succeeded  in  detecting  any  microlites  in  the  sandstones  at  the  edge  of  a 
dolerite  sheet,  though  I  have  had  many  slices  prepared  for  the  purpose. 

Where  one  of  the  dolerite  sills  has  invaded  sandstone,  there  is  usually 
a  tolerably  sharp  line  of  demarcation  between  the  two  rocks,  though  it  is 
seldom  easy  to  procure  a  hand-specimen  showing  the  actual  contact,  for  the 
stone  is  apt  to  break  along  the  junction-line.  Where,  however,  the  rock 
traversed  by  the  igneous  mass  is  argillaceous  shale,  we  may  find  a  thorough 
welding  of  the  two  substances  into  each  other.  In  such  cases  the  dolerite  at 
the  actual  contact  becomes  a  dark  opaque  rock,  which  in  thin  slices  under 
the  microscope  is  found  to  be  formed  of  a  mottled  or  curdled  segregation 
of  exceedingly  minute  black  grains  and  hairs  in  a  clear  glassy  matrix,  in 
which  the  augite  and  felspar  are  not  individualized.  But  even  in  this 
tachylyte-like  rock  perfectly  formed  and  very  sharply  defined  crystals  of 
triclinic  felsptir  may  be  observed  ranging  themselves  as  usual  parallel  to  the 
bounding  surfaces  of  the  rock.  These  characters  are  well  seen  in  the 
contact  of  the  intrusive  sheet  of  dolerite  with  shale  and  siindstone  at  Hound 
Toint  (Fig.  160). 

Another  instructive  example  is  furnished  by  the  small  threads  which  pro- 
ceed from  the  dolerite  of  Salisbury  Crags,  and  traverse  enclosed  fragments  of 
shale  (Fig.  162).  Some  of  these  miniature  dykes  are  not  more  than  one- 
eighth  of  an  inch  in  diameter,  and  may  therefore  easily  be  included,  together 
with  part  of  the  surrounding  rock,  in  the  field  of  the  inicroscoi)e.  The  dolerite 
in  these  ramifications  assumes  an  exceedingly  fine  texture.    The  felspar  is  the 

'  MikroBkopMie  Beackaffenheit  der  Mineraliea  und  (tcHeine,  p.  273 ;  Vogelsang's  KryMailiten, 
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only  mineral  distinctly  formed  into  definite  crystals.  It  occurs  in  prisms  of  an 
early  consolidation,  sometimes  one-fifth  of  an  inch  long,  and  therefore  readily 
recognizable  by  the  naked  eye.  These  prisms  are  perfectly  shaped,  contain 
abundant  twin  lamellae,  and  show  enclosures  of  the  iron  of  the  base.  They 
had  been  already  completely  formed  at  the  time  of  injection ;  for  occasion- 
ally they  may  be  observed  projecting  beyond  the  wall  of  the  vein  into  the 
adjacent  shale  or  sandstone,  and  they  have  ranged  themselves  parallel  to  the 
sides  of  the  vein.^  The  black  ground,  from  which  these  large  well-defined 
crystals  stand  out  prominently,  consists  of  a  devitrified  glass,  rendered  dark 
by  the  multitude  of  its  enclosed  black  opaque  microlites.  These  are  very 
minute  grains  and  rudely  feathered  rods,  with  a  tendency  to  group  them- 
selves here  and  there  into  forms  like  portions  of  the  rhombohedral  skeletons 
of  titaniferous  iron.  So  thoroughly  fused  and  liquid  has  the  dolerite  been  at 
the  time  of  its  injection,  that  little  threads  of  it,  less  than  yJx>  of  ^^  iiich  in 
diameter,  consisting  of  the  same  dark  base,  with  well-defined  felspars,  may 
be  seen  isolated  within  the  surrounding  sedimentary  rock.  Minute  grains 
and  rounded  portions  of  the  latter  may  also  be  noticed  in  the  marginal  parts 
of  the  dolerite. 

It  is  thus  evident  that  specimens  taken  from  the  edge  of  an  intrusive 
sheet,  where  the  rock  has  rapidly  chilled  and  solidified,  represent  to  us  an 
earlier  stage  in  the  history  of  the  whole  mass  than  specimens  taken  from 
its  central  portions.  In  fact,  a  series  of  samples  collected  at  short  intervals 
from  the  outer  contact  to  the  inner  mass  shows,  as  it  were,  the  successive 
stages  in  the  consolidation  of  the  molten  rock. 

From  the  observations  just  described,  it  appears  that  the  triclinic 
felspars  began  to  assume  the  shape  of  large  definite  crysUils  before  any  of 
the  other  minerals.  These  felspars  already  existed  when  the  molten  mass 
forced  its  way  among  the  shales,  for  they  can  be  seen  lying  with  their  long 
axes  parallel  to  the  surface  of  shale,  precisely  as,  in  the  well-known  flow- 
structures,  they  behave  round  a  large  crystal  embedded  in  the  heart  of  a 
rock.  A  few  feet  from  where  the  consolidation  was  not  so  rapid,  the  iron 
oxides  have  grouped  themselves  into  incipient  crystalline  forms  and  skeleton 
crystals ;  the  felspar  crystals  abundantly  occur,  and  the  augite  has  been  left 
in  the  finely  granular  condition.  Still  further  towards  the  interior  of  the 
mass,  the  normal  character  of  the  dolerite  is  gradually  assumed.' 

^  Tlie  infusibility  of  tlie  felspar  was  weU  shown  in  some  experiments  on  the  rocks  of  the 
neighbourhood  of  Edinburgh,  made  at  my  request  by  Dr.  R.  S.  Marsden,  who  subjected  some  of 
these  rocks  to  fusion  at  the  laboratory  of  the  University  of  Edinburgh.  Microscopic  sections  were 
prepared  of  the  products  obtained.  The  basalt  of  Lion's  Haunch  is  peculiarly  instructive.  Its 
large  labradorite  crystals  have  resisted  the  intense  white  heat  which,  continued  for  four  hours,  has 
reduced  the  rest  of  the  minerals  to  a  perfect  glass.  We  can  thus  well  understand  how  large 
definite  crystals  of  felspar  should  have  survived  or  appeared  in  dykes  and  veins  while  the  rock 
was  still  thoroughly  liquid.  The  glass  obtained  from  the  Lion's  Haunch  rock  is  of  a  honey- 
yellow,  and  contains  translucent  tufted  microlites.  The  iron  forms  beautiful  dendritic  films  in 
the  cracks.  Altogether,  the  glass  presents  a  strong  resemblance  to  the  palagonitic  substance  so 
abundant  among  the  lapilli  in  the  tuffs  of  the  vents. 

^  For  a  further  and  more  detailed  investigation  of  the  contact  phenomena  of  the  Carboniferous 
doleritic  sills  of  the  basin  of  the  Firth  of  Forth,  see  the  papers  by  Dr.  Stecher,  quoted 
on  p.  451. 
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Where  a  sill  has  been  injected  among  carbonaceous  shales  and  coals  it 
has  undergone  great  alteration  along  the  contact,  and  if  the  sheet  is  only  a 
few  inches  or  feet  thick,  the  change  extends  throughout  its  whole  mass. 
Black  basalts  and  dolerites,  in  such  circumstances,  pass  into  a  substance 
like  a  white  or  pale  yellow  clay,  which  at  first  might  be  mistaken  for  some 
band  of  fireclay  intercalated  among  the  other  sediments.  But  evidence  of 
actual  intrusion  may  usually  be  found,  as  where  the  igneous  rock  has  caught 
up  or  broken  through  the  adjacent  strata,  besides  alteiing  them.  Such 
"  white  traps,"  as  they  have  been  called,  have  loug  been  familiar  in  the  coal- 
fields of  Scotland  and  Central  England. 

As   a   good    illustration    of  the    behaviour   of  such    thin    sills    among 

._  carbonaceous  shales  I  give  here  a  section 

4   i^lL^'r'tjH^fcjT-iFJI^  (^'8-  165)  exposed  in  the  old  limestone 

^jT^T'l'aT'j^'^-ip  ([uarry  of  Hillhouse,  south  of  Linlithgow. 

2  ^^^^^^^^^^SJg  ^^  ^^^  bottom  lies  the  Hurlet  Limestone 

J  ^^^^^^flS^^y^L.  which  has  once  been  extensively  mined 

2  ^^^^^BSBHk^^^^  ^^    ^1''^    locality.       Above    it   comes   a 

^^^^^SSBBmm^^^  group  of  black  shales  which  in  turn  are 

^  ^g^^^X|Hy^^^^^^  surmounted   by   a   sheet  of  beautifully 

^^^^^^R^^wHBSjW^      columnar  basalt.     The  stiales  seem  at 

/   r,  II ,1 1  rt  'I  I  y r  ll  1 1 M    '  ■  '  ^ ll "'i  ^^^  sight  to  include  two  layers  of  pale 

I    I ' '     ;    '    ^  '  ' .        ;     '         '       fireclay,  each  only  a  few  inches  in  thick- 

Fio.  165.— Two  thin  sills  of  "White  Tikji"  ness.     Closer   inspection,  however,  will 

injected  into  black  «rbon.ceoua«h»ie  ghow  that  these  two  thin  intercalations 

overlying  the  Hurlet  Limestone,  HillhoiLso  .  -  ,        . 

Quarry,  Linlithgow.  are  really  sills  which,  though  on   the 

1.  Hurlet  LtiMMione;  2.  Slack  .hale.  ;s  8.  Two  sills  whole  parallel  with  the  bcddinz  of  the 

of"WhJl«Triu";  4.  ColoruiurBasalU.  ■     ,  ■  .  , 

shale,  may  be  seen  to  cut  across  it,  and 
even  at  one  place  to  send  a  finger  into  it.  The  upper  example  may  also 
be  obsened  to  diminish  rapidly  in  thickness  in  one  direction. 

The  dimensions  of  the  sills  vary  within  toleraljly  wide  limits.  Althou<>h 
here  and  there  the  injected  material  dwindles  down  to  an  inch  or  less  in 
thickness,  running  away  even  into  threads,  it  more  usually  forms  sheets  of 
considerable  depth.  The  rock  of  Salisbury  Crags,  for  example,  is  fully  150 
feet  thick  at  its  maximum.  That  of  Corstorphine  Hill  is  probably  about 
350  feet.  The  great  sheet  which  runs  among  the  lower  limestones  from 
Kilsyth  by  Denny  to  Stirling  has  been  bored  through  to  a  depth  of  276 
feet,  but  as  the  bore  started  on  the  rock,  and  not  in  overlying  strata,  some 
addition  may  need  to  be  made  to  that  thickness. 

The  spheroidal  weathering  so  characteristic  of  basic  eruptive  rocks  is 
nowhere  more  characteristically  displayed  than  among  the  great  doleritic 
sills  of  the  basin  of  the  Firth  of  Forth.  As  an  illustration  of  this  structure 
an  example  is  taken  here  from  the  large  sheet  at  N^orth  Queeusfenr 
(Fig.  164). 

While  one  is  struck  with  the  great  size  and  extent  of  some  of  the  sills 
connected  with  the  puys,  as  compared  with  the  small  and  local  sheets 
underneath   the    plateaux,   there    is   a   further    fact    regarding   them    that 
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deserves  remark — their  capricious  distribution.  Their  occurrence  seems  to 
have  little  or  no  relation  to  the  measure  of  volcanic  enei^  as  manifested 
in  superficial  eruptions.  Thus  in  the  north  of  Ayrshire,  where  a  long 
band  of  la^as  and  tuffs,  pointing  to  ligorous  activity,  liea  at  the  top  of  the 
Carboniferous  Limestone  series,  and  where  the  strata  underneath  it  are 
abundantly  exposed  at  the  surface,  the  sills  occur  as  thin  and  inconstant 
bands  in  the  central  and  eastern  parts  of  the  district  only.  The  bedded 
lavas  and  tuffs  at  tlie  head  of  the  Slitrig  Water  have  no  visible  accompani- 
ment of  sills.  On  the  other  hand,  in  the  Edinburgh  and  Burntisland 
districts,  the  sills  Ijear  a  large  proportion  to  the  amount  of  bedded  lavas  and 
tuflfs,  while  in  the  Bathgate  and  Linlithgow  district,  where  the  superficial 
eruptions  were  especially  vigoi-ous  and  prolonged,  the  sills  are  of  trilling 
extent. 

It  would  seem  from  these  facts  that  the  extent  to  which  the  crust  of 
the  earth  round  a  volcanic  orifice  is  injected  with  molten  rock,  in  the  form 
of  intrusive  sheets  between  the  strata,  does  not  depend  upon  the  energy  of 
the  volcano  as  gauged  by  its  superficial  outpourings,  but  on  other  considera- 
tions not  quite  apparent.  Possibly,  the  more  effectively  volcanic  energj" 
succeeded  in  expelling  materials  from  the  vent,  the  less  opportunity  was 
afforded  for  subterranean  injections.  And  if  the  protrusion  of  the  sills  took 
place  after  the  vents  were  solidly  sealed  np  with  ^glomerate  or  lava,  it 
would  doubtless  often  be  easier  for  the  impelled  magma  to  open  a  way  for 
itself  laterally  between  the  bedding -planes  of  the  strata  than  vertically 
through  the  thick  solid  crust.  The  size  and  extent  of  the  sills  may  thus 
be  a  record  of  the  intensity  of  this  latest  phase  of  the  volcanic  eruptions. 

Bosses. — The  rounded,  oval  or  irregularly  shaped  masses  of  igneous  rock 
included  under  this  head  are  found  in  some  cases  to  be  only  denuded  domes 
of  sills,  as,  for  example,  in  the  apparently  isolated  patches  in  the  oil-sliale 


Fio.   167.— Bn^-<  af  .linlnw  eiittiiig  tilt;  Bimliclionse  LiiiK 
overlj-ing  hIibIbs.     Raituay  putting,  Wr-t  Qu. 


BDd  (titiH  into  thr 


district  of  Linlithgowshii-e,  whicli  have  been  found  to  unite  under  ground. 
(Compare  Fig.  1 57).  In  otlier  instances,  bosses  possibly,  or  almost  certainly, 
mark  the  position  of  volcanic  fimnels,  as  at  the  Castle  Itock  of  Edinburgh, 
Dunearn  Hill,  Burntisland,  and  Galabraes,  near  Bathgate.  But  many 
examples  occur  which  can  only  be  regarded  as  the  exposed  ends  of  irregular 
bodies   of  molten   material   which  has   been   protruded   upwards   into   the 
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CarlK>niferous  formations.      The  area  between  Edinbutgh   and  Linlithgow 
and  the  hills  of  the  north  of  Fife  furnish  many  examples. 

The  connection  l>etween  bosses  and  intrusive  sheets  is  instructively 
exhibited  in  a  railway  cutting  to  the  west  of  Edinbui^h,  where  the  section 
shown  in  Fig.  167  may  be  seen.  In  the  space  of  a  few  yards  no  fewer 
than  four  distinct  bands  of  diabase  traverse  the  shale,  thickening  rapidly 
in  one  direction  and  uniting  with  a  large  boss  of  more  coarsely  crystalline 
material.  Such  connections  must  exist  in  all  sills,  for  the  material  injected 
as  a  sheet  between  stratified  formations  cannot  but  be  united  to  some  column, 
dyke  or  irregular  protrusion  which  descends  to  the  parent  uu^pa  in  the 
interior.     But  it  is  verj'  rarely  that  the  geologist  is  permitted  to  see  them. 

Dykes  take  a  comparatively  unimportant  place  in  the  eruptive 
phenomena  of  the  puys.  They  occur  in  some  numbers,  but  on  a  small 
scale,  among  the  tuff  vents,  and  there  they  can  without  much  hesitation  be 


V-Ri-^i 


eriying  shsles.     Silvcmiine 


set  down  as  part  of  the  phenomena  of  eruption  through  these  pipes.  The 
Binn  of  Burntisland,  which  has  been  so  often  referred  to  in  this  Chapter, 
may  again  be  cited  as  a  typical  vent  for  the  display  of  this  series  of  dykes 
(Figs.  149   and   159).    Two  additional  illustrations  from  this  locality  are 
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here  given.  In  Fig.  166  a  dyke  of  compact  black  basalt  is  seen  on  the 
right  hand  running  up  the  steep  slopes  of  the  agglomerate.  Some  of  these 
dykes  are  distinctly  columnar,  the  columns  diverging  from  the  walls  on  each 
side.  Where  the  encasing  agglomerate  has  been  removed  by  the  weather, 
the  side  of  the  dyke  presents  a  reticulated  network  of  prism-ends.  A 
narrow  basalt-dyke  of  this  character  near  the  top  of  the  Bum  vent  is 
represented  in  Fig.  168. 

But  dykes  also  occur  apart  from  vents  and  without  any  api>arent 
relation  to  these.  They  are  sometimes  associated  with  sills  and  bosses  in 
such  a  manner  as  to  suggest  that  the  whole  of  these  forms  of  injected 
material  belong  to  one  connected  series  of  intrusions.  Among  the  Bathgate. 
Hills,  for  example,  from  which  I  have  already  cited  instances  of  sills  and  a 
lx>ss,  the  section  represented  in  Fig.  169  occurs.  Yet  in  this  same  district 
there  is  a  group  of  large  east  and  west  dykes  which  cut  all  the  other  rocks 
including  the  bedded  lavas  and  tuffs,  and  must  be  of  later  date  than  the 
highest  i)art  of  the  Coal-measures  (Fig.  155). 

It  is  difficult  to  ascertain  the  age  of  the  dykes  which  rise  through  tlie 
Carboniferous  formations  at  a  distance  from  any  interbedded  sheets  of  lava 
and  tuff,  or  from  any  recognizable  vent.  The  south-east  and  north-west 
dykes,  increasing  in  number  as  they  go  westward,  and  attaining  a  prodigious 
development  in  the  great  volcanic  area  of  Antrim  and  the  Inner  Hebrides, 
are  probably  of  Tertiary  date.^  Others  may  possibly  l)e  Permian,  while  a 
certain  number  may  reasonably  be  looked  upon  as  Carboniferous.  In  petro- 
graphical  characters  the  latter  reseml)le  the  dolerites  and  bisalts  (diabtises) 
of  the  finer-grained  sills. 

*  Thesi'  are  fully  de»cribcd  in  Chai>ters  xxxiv.  and  xxxv. 


CHAPTER   XXVIII 

ILLUSTRATIVE    EXAMPLES    OF   THE    CARBONIFEROUS    PUYS    OF    SCOTLAND 

The  Basin  of  the  Firth  of  Forth — North  Ayrshire — Liddesdale. 

Though  many  of  the  geological  details  of  each  of  the  Scottish  districts  of 
Puys  have  been  given  in  the  foregoing  pages,  it  will  be  of  advantage  to 
describe  in  connected  sequence  the  structure  and  geological  history  of  a 
few  typical  areas.  By  far  the  fullest  and  most  varied  record  of  this  phase 
of  volcanic  activity  has  been  preserved  in  the  basin  of  the  Firth  of  Forth ; 
but  the  north  of  Ayrshire  and  the  district  of  Liddesdale  funiish  also  many 
interesting  characteristics. 

1.    BASIN    OF    THE    FIRTH    OF    FORTH 

Keference  has  already  been  made  to  the  remarkable  j)eculiarity  in  the 
development  of  the  lower  part  of  the  Carboniferous  system  in  this  district.^ 
Elsewhere  throughout  Scotland  the  Cement -stone  group  and  the  plateau 
lavas  are  immediately  overlain  by  the  Carboniferous  Limestone  series.  But 
in  the  basin  of  the  Firth  of  Forth  a  varied  succession  of  strata,  more  than 
3000  feet  in  thickness,  intervenes  between  the  Cement-stones  and  the 
Hurlet  Limestone.  The  lower  portion  of  this  thick  mtiss  of  sediment  may 
represent  a  part  of  the  Cement-stone  group  of  other  districts,  but  even  if 
some  deduction  is  made  on  this  account  there  remain  many  hundred  feet  of 
stratified  deposits,  for  which  there  does  not  appear  to  be  any  stratigraphical 
equivalent  elsewhere  in  Scotland.  The  distinguishing  features  of  this  series 
of  strata  are  the  thick  zones  of  white  sandstone,  with  occasional  bands  of 
fine  conglomerate,  the  abundant  seams  of  dark  shale,  often  highly  carbonaceous 
(oil-shales),  the  cyprid  limestones  and  the  seams  of  coal.  Such  an  association 
of  deposits  may  indicate  a  more  humid  climate  and  more  varied  conditions 
of  denudation  and  deposition  than  are  presented  by  the  typical  Cement-stones, 
The  muddy  floor  of  the  shallow  water  must,  in  many  places,  have  supported  a 
luxuriant  growth  of  vegetation,  which  is  preserved  in  occasional  seams  and 

*  See  Maclaren's  "Geology  of  Fife  and  the  Lothiaiis,"  tlie  Memoirs  oftlie  Oeological  Survey  of 
Scotland^  on  Sheets  31  and  32,  and  my  Memoir,  already  cited,  Trans,  lioy.  Soc.  Edin,  vol.  xxix. 
(1879)  p.  437. 
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Streaks  of  coal.  Numerous  epiphytic  ferns  grew  on  the  subaerial  stems  and 
branches  of  the  lycopodiaceous  trees.  Large  coniferae  clothed  the  higlier 
grounds,  from  which  the  streams  brought  down  copious  supplies  of  sediment, 
and  whence  a  flood  now  and  then  transported  huge  prostrate  trunks  of  pine. 
In  the  lagoons  animal  life  abounded.  Cvprids  swarmed  to  such  a  degree  as 
to  form  by  their  accumulated  remains  bands  of  limestone,  which  in  the  well- 
known  Burdiehouse  seam  sometimes  attain  a  thickness  of  70  feet.  Fishes 
of  many  genera  haunted  the  waters,  for  their  scales,  bones  and  coprolites  are 
found  in  profusion  among  the  shales  and  limestones. 

When  the  puys  began  their  activity,  this  district  was  gradually  dotted 
over  with  little  volcanic  cones.  At  the  same  time  it  was  affected  l)y  the 
general  movement  of  slow  subsidence  which  eml)raced  all  Central  Scotland. 
Cone  after  cone,  more  or  less  effaced  by  the  waters  which  closed  over  it,  was 
carried  down  and  buried  under  the  growing  accumulation  of  sediment.  Xew 
vents,  however,  continued  to  be  opened  elsewhere,  throwing  out  for  a  tiiue 
their  showers  of  dust  and  stones,  and  then  lapsing  into  quiescence  as  they 
sank  into  the  lagoon.  Two  groups  of  volcanoes  emitted  streams  of  lava  and 
built  up  two  long  volcanic  ridges — those  of  Fife  and  West  Lothian. 

The  occasional  presence  of  the  sea  over  the  area  is  well  shown  l)y  the 
occurrence  of  thin  bands  of  limestone  or  shale,  containing  such  fossils  as 
species  of  Orthoceras,  Bellerophon  and  Disciwty  which  suftice  to  prove  the 
strata  to  be  stratigraphical  equivalents  of  the  Lower  Limestone  shale,  and 
part  of  the  Carboniferous  Limestone  of  England  (Fig.  170).  Yet  the 
general  estuarine  or  freshwater  character  of  the  accumulations  seems  satis- 
factorily  established,  not  only  by  the  absence  of  undoubtedly  marine  forms 
from  most  of  the  strata,  but  by  the  abundance  of  cyprids  and  small  ganoids, 
the  profusion  of  vegetable  remains,  and  the  occasional  seams  of  coal. 

The  portion  of  the  Forth  basin  within  which  the  puys  are  displayed 
extends  from  near  Leven  in  Fife,  on  the  north,  to  Cross  wood  Burn  near  the 
borders  of  Lanarkshire,  on  the  south,  a  distance  of  about  36  miles,  and  from 
near  Culross  in  Fife  and  the  line  of  the  Almond  Eiver  l)etween  Stirlingshire 
and  Linlithgowshire,  on  the  west,  to  the  island  of  Inchkeith  on  the  east,  a 
distance  of  about  16  miles  (Map  IV.).  But  these  limits  do  not  precisely  mark 
the  original  boundaries  of  the  eruptions.  To  the  north  and  south,  indeed, 
we  can  trace  the  gradual  dying  out  of  the  volcanic  intercalations,  until  we 
reach  ground  over  which  no  trace  of  either  lavas  or  tufls  can  l>e  detected. 
To  the  east,  the  waters  of  the  Firth  conceal  the  geology  of  a  consideral)le 
area,  the  island  of  Inchkeith  with  its  bedded  lavas  and  tuffs  showing  that 
these  rocks  extend  some  way  farther  eastwards  than  the  position  of  that 
island.  But  in  Midlothian  there  is  no  evidence  that  any  of  the  puy-eru))tions 
took  place  to  the  east  of  the  line  of  the  Pentland  Hills.  On  the  west  side, 
the  volcanic  rocks  dip  under  the  Millstone  Grit  and  Coal-measures,  so  that 
we  do  not  know  how  far  they  extend  in  that  direction.  But  a.s  the  CarV)on- 
iferous  Limestone  series,  when  it  rises  again  to  the  surface  on  tlie  west  side 
of  the  Stirlingshire  coal-field,  is  destitute  of  included  lavas  and  tuffs,  the 
westward  limit  of  the  eruptions  cannot  lie  much  beyond  the  line  of  the  River 
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Almond.  We  shall  probably  be  within  the  mark  if  we  set  down  the  original 
area  over  which  puys  broke  out  and  spread  abroad  their  lavas  and  tuffs  as 
covering  about  300  square  miles  of  the  lagoons  and  jungles  of  Central 
Scotland. 

I  have  already  shown  tliat  the  range  in  geological  time  of  the  puy- 
eruptions  in  this  district  extends  from  a  low  horizon  among  the  Calciferous 
Sandstones  through  the  Carboniferous  Limestone  series,  up  to  nearly  the 
level  of  the  Calmy  Limestone,  which  lies  not  far  from  the  top  of  that  series. 
The  vertical  thickness  of  strata  between  these  two  stratigraphical  Hmits,  when 
there  are  no  intercalated  volcanic  rocks,  is  probably  more  than  4000  feet. 

The  vents  from  which  the  volcanic  materials  were  ejected,  so  far  as  they 
are  now  to  be  observed  at  the  surface,  may  be  divided  into  two  groups,  one 
lying  to  the  north,  the  other  to  the  south  of  the  Firth  of  Forth.  The 
northern  or  Fife  group  may  be  followed  over  an  area  15  miles  long,  and 
about  three  miles  broad.  Some  fifteen  separate  vents  may  be  recognized  in 
it,  distributed  chiefly  at  the  two  ends  of  the  belt,  a  cluster  of  about  six  rising 
around  Burntisland,  while  another  of  nearly  as  many  appears  at  Saline.  The 
characters  of  some  of  these  necks  have  been  already  given  in  the  foregoing 
pages. 

The  southern  or  West  Lothian  group  includes  about  a  dozen  vents  which 
are  scattered  over  an  area  of  some  GO  square  miles,  extending  from  the 
coast-line  between  Borrowstounness  and  Queensferry  southwards  to  Bathgate 
and  Uphall.  In  this  group  Binns  Hill,  a  mile  long  by  almost  half  a  mile 
broad,  and  rising  to  a  height  of  nearly  300  feet  above  the  sea,  forms  the 
most  prominent  individual.  But  the  vents  are  generally  smaller  in  the 
southern  than  in  the  northern  group. 

The  manner  in  which  the  vents  have  been  left  tilled  with  volcanic 
material  has  been  described  in  previous  pages.  Most  of  them  are  occupied 
by  tuff  or  agglomerate.  In  many  cases  the  neck  consists  entirely  of  pyro- 
clastic  detritus,  as  in  most  of  the  vents  of  eastern  Linlithgowshire  and  many 
of  those  in  Fife.  Not  infrecpiently  a  colunni  of  basalt  has  risen  in  the 
funnel  and  solidified  there,  as  exemplified  by  P)inns  Hill  and  Saline  Hill, 
or  the  basalt  has  filled  rents  in  the  tufi'  and  now  appears  in  dykes  like  those 
on  the  Binn  of  Burntisland  (Figs.  148,  140,  150,  166,  168> 

But  it  is  possible  that  in  some  cases  vents  may  l)e  represented  by  bosses 
of  basalt  or  dolerite,  unaccompanied  by  any  agglomerate  or  tuff.  Perhaps 
the  best  example  of  this  suggested  origin  is  supplied  by  Galabraes  Hill,  which 
rises  through  the  Hurlet  Limestone  and  the  volcanic  series  of  the  Bathgate 
Hills,  alx)ut  a  mile  north-east  from  the  town  of  Bathgate.  This  eminence 
rises  to  a  height  of  940  feet  above  the  sea,  and  consists  of  a  rudely  elliptical 
boss  of  basalt,  measuring  3500  feet  in  its  greater  and  3000  feet  in  its  minor 
axis.  It  disruj)ts  the  sedimentiiry  and  volcanic  series,  which  wm  be  traced 
up  to  it  on  all  sides.  Some  of  the  smaller  circular  or  elliptical  bosses  in 
eastern  Linlithgowshire  and  western  Fife  may  perhaps  belong  to  the  same 
category.  But  undoubtedly  most  of  the  intrusive  basiilts  and  dolerites  of 
this  volcanic  region  are  sills. 

VOL.  I  2  H 
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Over  the  greater  part  of  the  district,  only  fine  tuffs  were  ejected. 
These  occur  as  interstratifications  among  the  ordinary  sediments,  and  vary 
from  mere  thin  partings,  marking  the  feeblest  and  briefest  explosions,  up  to 
continuous  accumulations  several  hundred  feet  thick.  As  an  example  of  the 
least  vigorous  emission  of  tuff  I  may  refer  to  the  sections  already  given  on 
pp.  437,  438.  The  thicker  bands  are  well  illustrated  by  that  which  lies  some 
way  above  the  Houston  Coal  betweenDrumcross  and  West  Broadlaw  in  Linlith- 
gowshire, and  by  the  great  mass  of  tuff  which  occurs  immediately  below  the 
Calmy  Limestone  on  the  River  Avon  near  Linlithgow  Bridge,  and  which 
may  be  300  feet  thick. 

It  is  a  striking  characteristic  of  the  tuffs  that  they  may  be  met  with  in 
their  solitary  beds  intercalated  in  the  midst  of  ordinary  sediments  at  a 
distance  from  any  other  trace  of  volcanic  activity,  their  parent  vents  not 
being  visible.  I  may  cite  in  illustration  an  interesting  case  in  the  Swear 
Burn,  near  the  southern  end  of  the  volcanic  district.  A  band  of  tuff  about 
ten  feet  thick  lies  there  intercalated  in  a  group  of  dark  shales  and  thin  coals. 
Below  it  there  is  a  seam  of  coal  four  inches  thick,  and  among  the  blue  shales 
overlying  it  is  another  coal  ten  inches  thick.  The  tuflf  is  pale  green,  almost 
white  in  colour,  fine  in  texture,  like  a  volcanic  mud,  while  some  of  its  com- 
ponent beds,  one  foot  in  thickness,  are  made  up  of  fine  laminae  and  are  even 
false -bedded.  We  might  infer  that  the  volcanic  vent  lay  at  some 
distance,  so  that  only  the  finest  dust  fell  over  the  swamps  in  which  the  coal- 
vegetation  was  accumulating,  but  for  the  presence  of  occasional  blocks  of 
basalt  one  foot  in  diameter  scattered  through  the  tuflf.  When  the  eruptions 
ceased,  the  deposition  of  ordinary  mud  and  the  accumulation  of  plant-remains 
went  on  as  before,  and  animal  life  crowded  in  again  over  the  spot,  for  between 
the  partings  of  the  coal  above  the  tuflf,  abundant  fragments  of  eurypterids 
and  scorpions  may  be  found. 

One  of  the  most  extensive  volcanic  discharges  of  fragmentary  matenal 
was  that  which  produced  the  "  Houston  marls  "  already  referred  to.  These 
strata  appear  to  mark  a  peculiar  phase  in  the  volcanic  history  of  the  Lower 
Carboniferous  rocks  of  the  Firth  of  Forth,  when  exceedingly  fine  ash,  or 
perhaps  even  volcanic  mud,  was  erupted  in  considerable  quantity.  The 
"marls"  attain  in  some  places  a  thickness  of  nearly  200  feet,  and  can  be 
traced  through  most  of  the  eastern  part  of  Linlithgowshire,  over  an  area  of 
perhaps  more  than  50  square  miles.  This  volcanic  platform,  which  has  been 
followed  in  mining  for  oil-shale,  is  one  of  the  most  extensive  among  the  puy- 
eruptions.  The  material,  which  probably  came  from  one  or  more  vents 
among  the  Bathgate  Hills,  is  not  always  of  equal  fineness,  but  passes  into 
and  even  alternates  with  ordinary  granular  tuflf.  Thus  in  the  Niddry  Bum, 
above  Ecclesmachan,  the  dull  sage-green  and  brownish  red  Houston  marls 
contain  a  few  inconstant  layers  of  green  tuft*,  in  which  may  be  noticed  pieces 
of  black  shale  and  lapilli  of  the  usual  basic  pumice.  Not  far  to  the  west, 
beyond  Wester  Ochiltree,  and  thus  probably  nearer  to  the  active  vents  that 
ejected  the  dust  and  ashes,  the  Houston  marls  are  replaced  by  or  include  a 
bedded  granular  tuflf  or  basalt-agglomerate,  which  lies  above  the  2-feet  coal 
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of  the  district.  The  matrix  of  this  rock  is  in  part  a  dull  green  granular 
mudstone,  wrapping  round  the  lapilli  and  ejected  stones,  wliich,  when  they 
fall  out  under  the  action  of  the  weather,  leave  casts  of  their  forms  behind 
them.  The  enclosed  fragments  vary  in  size  up  to  blocks  three  feet  in 
diameter,  and  consist  in  great  measure  of  a  compact  volcanic  gi  it,  composed  of 
a  fine  mud  mixed  with  minute  fragments  of  black  shale,  grains  of  sand  and 
flakes  of  mica.  There  are  likewise  blocks  of  cement-stone  and  shale.  Thin 
courses  of  black  shale  interlaminated  with  the  tuff*  show  its  bedding. 

The  thickest  and  most  continuous  accimiulations  of  tuft'  occur  round  some 
of  the  larger  tuft'  cones,  particularly  round  the  Saline  Hills,  and  in  the 
Burntisland  district.  In  the  fii-st-named  area  the  copious  eruptions  of 
fragmentary  material  brought  the  volcanic  history  there  to  an  end ;  but 
around  Burntisland  they  were  only  the  prelude  to  a  prolonged  and  varied 
series  of  discharges. 

I  have  already  remarked  that  in  the  area  of  the  puys  of  the  Forth-basin, 
while  the  majority  of  the  vents  were  tuff-cones,  and  emitted  only  fragmentary 
discharges,  there  were  two  well-marked  tracts  where  lavas  w^ere  poured  out 
extensively  and  during  a  long  geological  interval.  One  of  tliose  lies  in  the 
southern,  the  other  in  the  northern  area. 

The  southern  or  Linlithgowshire  lava-ridge  forms  now  what  are  known 
as  the  Bathgate  and  Linlithgow  Hills.  The  lavas  extend  for  about  14  miles 
from  north  to  south,  dying  out  in  both  directions,  while  their  present  visible 
breadth  is  about  three  miles  at  its  widest  part.  The  highest  sunmiit  reaches 
a  height  of  about  1000  feet  above  the  sea.  The  structure  of  tliis  long  ridge 
reveals  an  interesting  record  of  volcanic  eruptions.  It  consists  mainly  of 
sheets  of  basalt,  sometimes  separated  by  layers  of  tuff  (Fig.  155).  But 
on  one  or  two  horizons  the  volcanic  rocks  cease,  and  ordinary  sedimentary 
deposits  take  their  place.  As  has  been  already  stated,  the  Main  or  Hurlet 
Limestone  can  be  traced  through  the  heart  of  the  volcanic  masses.  This 
seam  attains  there  an  exceptional  thickness  of  as  much  as  70  to  80  feet, 
and  is  nowhere  more  abundantly  fossiliferous.  During  its  deposition  there 
seems  to  have  been  a  subsidence  of  the  area,  together  with  a  cessation  of 
volcanic  activity  for  a  time.  The  crinoids,  corals,  brachiopods,  bryozoa, 
lamellibranchs,  gtisteropods,  cephalopods  and  fishes,  which  swarmed  in  the 
clear  water,  built  up  a  thick  calcareous  layer  above  the  lavas  and  tufts  of 
the  sea-bottom. 

Among  the  sandstones  and  shales  that  cover  the  limestone,  bands  of  tuff* 
make  their  appearance,  indicating  the  renewal  of  volcanic  activity.  These 
are  immediately  surmounted  by  another  thick  pile  of  basalt-sheets.  Subse- 
([uently,  during  pauses  in  the  eruptions,  while  the  general  subsidence  con- 
tinued, renewed  deposits  of  sediment  spread  over  the  submerged  volcanic 
bank.  One  of  the  longest  periods  of  quiescence  was  that  during  which  the 
coals  and  even  the  Index  Limestone  of  Bathgate  crept  northwards  over  the 
sunken  lavas  and  tufts.  liut  the  whole  of  the  ridge  does  not  seem  to  have 
disappeared  at  that  time  under  water,  at  least  these  intercalated  strata  have 
not  been  traced  across  the  thick  pile  of  volcanic  material  near  Linlithgow. 
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During  the  final  period  of  eruption,  the  outpouring  of  lava  and  discharge  of 
ashes,  neither  in  united  thickness  nor  in  horizontal  extent,  equalled  those 
which  had  preceded  them.  When  the  volcanoes  ceased  their  activity,  the  area 
continued  to  sink,  and  over  the  submerged  lavas  marine  organisms  crowded 
the  sea-floor,  so  as  to  build  up  the  Calmy  Limestone.  After  that  time 
volcanic  action  seems  to  have  become  extinct  in  this  region,  for  no  trace  of 
any  intercalated  lava  or  tuff  has  been  detected  either  in  the  overlying 
Millstone  Grit  or  in  the  Coal-measures.  The  total  thickness  of  rock  in  the 
Linlithgowshire  volcanic  ridge  is  about  2200  feet.  It  will  probably  not  be 
an  exaggeration  to  place  the  proportion  of  lava  and  tuff  in  that  depth  of 
material  at  nearly  2000  feet. 

The  northern  or  Fifeshire  district  over  which  lavas  were  abundantly 
erupted  stretches  along  the  coast  from  Aberdour  to  Kirkcaldy  and  inland  to 
near  Lochgelly,  as  well  as  seawards  to  Inchkeith.  It  may  comprise  an  area 
of  about  30  square  miles.  In  many  respects  this  is  the  most  important 
locality  in  Britain  for  the  study  of  Carboniferous  volcanic  history.  The  sea 
has  cut  an  admirable  coast-section  in  wiiich  the  structures  of  the  rocks  are 
laid  bare.  The  bottom  and  top  of  the  whole  volcanic  series  can  be  seen. 
The  vents  and  their  relation  to  the  lavas  and  tuffs  that  were  emitted  from 
them  may  easily  be  made  out ;  while  the  interstratification  of  well-known 
seams  of  rock  in  the  Scottish  Carboniferous  system  permits  the  sequence 
and  chronology  of  the  whole  volcanic  series  to  be  traced  with  great 
clearness. 

Most  of  these  features  have  already  been  described  in  foregoing  pages, 
for  the  district  is  a  typical  one  for  the  study  of  Carboniferous  volcanic 
phenomena.  Thus  the  group  of  vents  about  Burntisland  has  been  illustrated 
by  the  Binn  of  Burntisland  rising  among  the  bedded  lavas  and  tufifs.  The 
characters  of  the  Carboniferous  basalt-sheets  have  been  enumerated,  together 
with  their  intercalated  layers  of  tuff  and  bole,  and  their  fine  partings  of 
ashy  material  that  was  thrown  out  over  the  lagoons  during  the  intervals 
between  two  outbursts  of  lava.  But  it  may  be  of  service  if  I  insert  Iiere 
a  detailed  section  of  the  whole  volcanic  series  as  it  is  displayed  along  the 
coast-section  between  Burntisland  and  Kinghorn.  The  lowest  intercalated 
lavas  of  that  section  lie  a  little  above  the  horizon  of  the  Burdiehouse 
Limestone,  and  are  thus  probably  rather  earlier  than  those  of  Linlithgow- 
shire. The  highest  reach  up  to  the  base  of  the  Hurlet  Limestone.  The 
volcanic  energy  manifestly  died  out  here  long  before  it  ceased  on  the  south 
side  of  the  Firth.  Yet  so  vigorous  was  its  activity  while  it  continued^ 
that  it  piled  up  one  of  the  thickest  masses  of  volcanic  material  anywhere 
to  be  seen  among  the  puy-eruptions  of  the  British  Isles.  The  following 
tabular  statement  of  the  alternations  of  material  in  this  great  mass  in 
ilescending  order,  was  draw^n  up  by  me  on  the  ground  many  years  ago, 
before  the  construction  of  fortifications  and  other  changes  partly  concealed 
the  rocks. 
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Section  op  the  Voucanic  Series  below  the  Hurlet  or  Main  Limestone  On  the 
Coast  of  Fife,  west  of  Kinghorn,  in  descending  order  ^ 

75.  Reddish  and  white  sandstones. 

74.  Shale  with  hard  ribs  of  limestone  and  ironstone  nodules.     Fossils  abundant. 

73.  Limestone,  crinoidal,  8  or  9  feet. 

72.  Blue  shale,  becoming  calcareous  towards  the  top,  where  shells  are  plentiful. 

7 1 .  Reddish  false-bedded  sandstones,  with  bands  of  reddish  and  blue  shale. 

70.  Basalt  in  two  sills  separated  by  2  or  3  feet  of  sandstone  and  shale. 

69.  Dark  fissile  sandy  shale,  passing  up  into  white  shaly  sandstone,  and  including  a  thin 

parting  of  impure  coal. 
68.  Limestone  (Hurlet  or  Main  SexVm)  in  a  number  of  bands  having  a  united  thickness 

of  25  feet.     Abundant  fossils. 
67.  Black  shale  becoming  calcareous  at  top,  and  then  enclosing  abimdant  Prodiictus,  etc., 

8  or  10  feet. 
66.  Red  and  green  tufaceous  marl  and  tuff.     About  30  feet. 
65.  Basalt,  the  lower  part  strongly  amygdaloidal. 
64.  Tufaceous  red  marl  and  tuff ;  comparatively  coarse  below,  becoming  finer  above,  3 

or  4  feet. 
63.  Basalt,  earthy  and  amygdaloidal,  with  an  irregular  bottom  involving  masses  of  the 

shales  below. 
62.  Dark  calcareous  shale  and  dull  green  tufaceous  marly  shale,  2  or  3  feet. 
61.  Crinoidal  limestone  in  several  bands  with  a  united  thickness  of  10  feet. 
60.  Shale,  1  foot. 

59.  Fine  green  sandy  tuffs  in  a  number  of  bands  of  varying  coarseness,  about  6  feet 
58.  Dark  shale  with   abundance  of  Aviculopeden    immediately  under  the  tuffs    above, 

1 J  feet 
57.  Soft,  light,  marly  shale  with  fragmentary  plants,  \\  feet. 
56.  Dark  fissile  shale,  full  of  iish -scales,  plants,  etc.,  3  feet 
55.  Basalt,  rudely  columnar,  dark  fine-grained  in  centre,  becoming  highly  amygdaloidal 

and  scoriaceous  at  bottom  and  top. 
54.  Basalt,  like  the  sheet  above,  vesicular  at  top  and  bottom,  with  a  parting  of  red  clay 

on  top. 
53.  Fissile  rippled  sandy  shale,  with  plants,  having  a  red  and  green  marly  parting  at  the 

top,  12  or  14  feet 
52.  Basalts ;  a  group  of  beds,  probably  in  part  sills,  involving  three  bands  of  sandstone 

or  (juartzite. 
51.  Quartzite — a  hard  white  altered  sandstone,  2  to  3  feet 
50.  Basalt,  light  green,  earthy,  amygdaloidal. 
49.  Sandstones  and  shales  with  plants,  25  feet. 

48.  Basalt,  with  a  highly  amygdaloidal  central  band.     There  may  be  several  sheets  here. 
47.  Green  tufaceous  shale  and  marl,  1  foot. 
46.  Basalt,  dark,  firm  and  amygdaloidal. 
45.  Sandstones  and  shales  with  plants. 
44.  Basalt  forming  west  side  of  Kinghorn  Bay,  and   including  more  than  one   sheet. 

The  rock  is  very  black,  compact,  irregularly  columnar,  with  the  usual  amygdaloidal 

earthy  band  at  the  base,  and  forms  the  crag  called  the  Carlinehead  Rocks.      An 

irregular  and  inconstant  band  of  dull  green  tufaceous  shale,  sometimes  2  feet  thick, 

serves  to  separate  two  of  the  basalt-sheets.      Below  it  lies  a  remarkable  scoriaceous 

almost  brecciated  basalt,  which  has  been  broken  up  on  cooling  in  such  a  manner 

that  at  first  it  might  be  mistaken  for  a  volcanic  conglomerate. 


*  Thfr  succession  of  rocks  in  this  interesting  coast-section  was  briefiy  given  by  Dr.  P.  Neill  in 
his  translation  of  Daubuisson's  Basalts  of  Saxony^  Edinburgh.  1814,  note/,  p.  215.  Ho  was  secret- 
ary of  the  Wernerian  Society,  and  in  his  enumeration  the  Wernerian  terminolog}'  is  used  without 
a  hint  that  any  single  baud  in  the  whole  series  is  of  volcanic  origin. 
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43.  Basalt)  a  compact  black  f^lid  rock,  with  a  vesicular  and  amygdaloidal  bottom,  about 
40  feet     This  sheet  runs  out  into  the  promontory  of  Kinghorn  Ness. 

42.  Basalt,  firm,  compact  and  highly  amygdaloidal  throughout,  15  feet 

41.  Basalt,  earthy,  amygdaloidal  and  scoriaceous  in  the  upper  part,  compact  below. 

40.  Red  tufaceous  marl,  clay  or  bole,  a  few  inches  thick. 

39.  Basalt :  one  of  the  most  compact  sheets  of  the  whole  series,  about  40  feet  Tlic 
top  is  formed  of  a  thick  zone  of  scoriaceous  and  brecciated  material,  the  lx)ttom  is 
singularly  uneven  owing  to  the  very  irregular  surface  of  the  underlying  bod. 

38.  Basalt  more  or  less  scoriaceous  throughout,  especially  at  the  lx)ttom,  the  vesicles  being 
drawn  out  round  the  slag-like  blocks. 

37.  Green  tufaceous  shales  with  bands  of  fine  green  tuff,  7  to  8  feet.  The  lower  bands 
consist  of  a  gravelly  tuff  j)a8sing  up  into  a  fine  volcanic  mudstone,  with  scattered 
lapilli  of  basalt  an  inch  or  more  in  diameter. 

36.  Basalt,  with  an  upper,  earthy  and  highly  amygdaloidal  portion,  30  feet. 

35.  Tufaceous  sandstone  and  shale,  6  to  8  feet. 

34.  Basalt,  in  a  thick  bed,  ha>ing  an  earthy,  slaggy  top  and  a  scoriaceous  bottom. 

33.  Basalt,  very  slaggy  below  with  a  compact  centre. 

3-2.  Basalt,  like  that  below  it. 

31.  Basalt,  finu,  compact,  black  rock,  with  a  rough,  green  earthy  band,  from  6  inches  to  n 
foot,  at  the  bottom,  and  becoming  again  very  slaggy  at  the  top. 

30.  Green  shale  like  that  below  the  underlying  limestone,  a  few  inches  in  thickness. 

29.  Coarse,  green,  sandy  tufaceous  limestone,  averaging  1  foot  in  thickness. 

28.  Black  shale  with  plants,  12  or  14  feet,  becoming  green  and  tufaceous  at  the  top. 

27.  Basalt — the  most  striking  of  the  whole  section — a  fine  compact  black  olivine-liearing 
rock,  beautifully  columnar,  30  feet  The  columns  reach  to  within  a  foot  of  the 
bottom  of  the  bed  and  cease  about  10  feet  from  the  top,  the  upi)er  portion  of  the 
bed  being  massive,  with  vesicles  which  are  drawn  out  parallel  to  the  bedding  of  the 
series.  The  lowest  part  of  the  bed  is  a  broken  brecciated  band,  3  or  4  inches  thick. 
(See  Fig.  171.) 

20.  Black  shale  with  fragmentary  plants,  3  feet. 

25.  Basalt,  with  plentiful  olivine,  12  to  16  feet.     The  base  is  not  highly  scoriaceous,  but 

finely  vesicular.     Towai-ds  the  top  it  becomes  green,  earthy  and  roughly  brecciated. 

It  partly  cuts  out  the  tufl'  undenieath. 
24.  Tuff,  green,  fine-grained  and  well-stratified,  consisting  chiefly  of  fine  volcanic  dust, 

but  becoming  coarser  towards  the  toi>,  where  it  contains  lapilli  and  occasional 

bombs  of  highly  vesicular  lavas. 
23.  Black  carl)onaceous  shale,  3  feet  ;  approaching  to  the  character  of  an  impure  coal  in 

the  lower  i>art,  and  becoming  more  argillaceous  above  with  some  thin  nodular 

calcareous  bands. 
22.  Green  tuff,  12  feet,  well  stratified  and   fine-grained,  with  minute  lapilli  of  highly 

vesicular  basic  lavas  ;  becomes  shalv  at  the  bottom. 

21.  Basalt,  comj)act,  amygdaloidal,  with  highly  vesicular  upper  surface,  20  feet. 
20.  Basalt,  hanl,  black  and  full  of  olivine  ;  an  irregular  bed  3  to  6  feet  thick. 

11).  Basalt,  dull  brownish-green  to  black,  full  of  kernels  and  strings  of  calcite,  and  show- 
ing harder  and  softer  bands  parallel  with  upper  and  under  surfaces,  which  give  it 
a  stratified  appearance. 

18.  Basalt,  some  i»art8  irregularly  compact,  others  earthy  and  scoriaceous.  The  distin- 
guishing feature  of  this  Wd  is  the  abundance  of  its  encloseil  fragments  of  shale, 
ironstone  and  limestone,  which  here  and  there  form  half  of  its  bulk.  The 
roughly  scoriaceous  upper  portion  is  especially  full  of  these  fragments.  In  the 
ironstone  balls  coprolites  may  be  detected,  and  occasional  pieces  of  plant-stems  are 
eml>edded  in  the  basalt.  This  lava  has  evidently  broken  up  and  involved  some 
of  the  underlying  strata  over  which  it  flowed.  This  rock  overhangs  Pettycur 
Harbour. 

17.  Shales  and  limestone  bands  more  or  less  tufaceous,  8  to  10  feet,  with  plants,  cyprids, 
etc.  The  intercalation  of  fine  i>arting8  of  tuff  in  this  band  has  been  already 
cited  on  pi  438,  as  an  illustration  of  the  feeble  intermittent  character  of  many 
of  the  volcanic  explosions  between  succeBsive  outflowings  of  lava. 
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Owing  to  a  change  in  the  direction  of  strike  the  rocks  now  wheel  round  and  for 
a  time  run  nearly  parallel  with  the  coast-line,  while  they  are  partly  concealed  by 
blown  sand  and  herbage.  The  shales  and  limestones  just  mentioned  are  not  con- 
stant, and  are  soon  lost,  but  about  a  quarter  of  a  mile  westward  a  band  of  tuff  begins 
on  the  same  horizon  or  near  it,  and  increases  in  thickness  towards  the  west,  where 
it  is  associated  with  other  sediments.  The  shore  ceases  to  furnish  a  continuoas 
section,  so  that  recourse  must  be  had  to  the  craggy  slopes  immediately  to  the  north, 
where  the  rocks  can  be  examined  on  a  cliff  face  (Fig.  153).  There  the  tuff  just  re- 
ferred to,  together  with  some  overlying  bands  of  sandstone,  is  seen  to  pass  under  the 
group  of  basalts  last  enumerated.  It  is  a  green,  stratified  rock,  perhaps  60  feet  thick 
at  its  maximum,  but  dying  out  rapidly  to  north-west  and  south-east.  It  encloses  balls 
of  basalt  and  subangular  and  rounded  fragments  of  sandstone,  limestone  and  shale. 
A  mass  of  coarse  volcanic  agglomerate  which  is  connected  with  it  and  cuts  across 
the  ends  of  some  of  the  basalts  below,  probably  marks  the  position  of  the  vent  from 
which  the  tuff  was  ejected  (Fig.  152). 
1 6.  Black  and  grey  shales  forming  a  thin  band  at  the  summit  of  King  Alexander's  Crag. 
15.  Basalt,  dark  compact  rock,  with  an  upper  and  lower  highly  scoriaceous  and  aniygda- 

loidal  band,  15  feet. 
14.  Black   shales,   tufaceous   green   shales,  sandstone,   and    6   inches  of  coal,  forming  a 
group  of  strata  about   12  feet  thick  between  two  basalts  ;    plants  and   cyprids 
abundant.     (The  coal  seam  is  shown  in  Fig.  161.) 
1 3.  Basalt,  dull,  earthy  and  highly  amygdaloidal,  with  abundant  calcite  in  kernels  and 

veins  ;  about  15  feet^  but  varying  in  thickness. 
12.  Basalt,  forming  a  well-marked  bed  from  12  to  25  feet  thick.  It  is  a  compact  black 
oli vine-bearing  rock,  sparingly  amygdaloidal,  but  showing  the  usual  dull  green, 
earthy  scoriform  base.  The  upper  surface  is  singularly  irregular,  having,  in  flow- 
ing, broken  up  into  large  clinker-like  blocks,  which  are  involved  in  the  immediately 
overlying  basalt  The  bottom  also  is  very  uneven,  for  the  basalt  has  in  some  places 
cut  out  the  underlying  sliales,  so  as  to  rest  directly  upon  the  basalt  below. 
1 1.  Black  shale,  varying  up  to  6  inches,  but  sometimes  entirely  removed  by  the  overlying 

lava -stream. 
10.  Basalt,  containing  large  irregularly  spheroidal  masses  of  hard  black  finely  vesicular 
material  enclosed  in  more  earthy  and  coarsely  vesicular  rock.  The  vesicles  are 
sometimes  elongated  parallel  to  the  bedding,  but  have  often  l:)een  drawn  out  round 
a  spheroid ;  some  of  them  measure  nearly  a  foot  in  length  by  2  or  3  inches  in 
breadth.     The  upper  surface  is  uneven  and  coarsely  amygdaloidal. 

9.  Basalt^  hard  black,  with  abundant  olivine,  and  a  columnar  structure. 

8.  Green  shale,  6  inches  to  1  foot,  much  baked  and  involved  in  the  overlying  basalt. 

7.  Basalt,  dull-green,  earthy,  amygdaloidal,  varying  from  10  to  40  feet  in  thickness. 

6.  Blue  shale,  disapi)earing  where  the  basalt  above  it  unites  with  that  l3elow. 

5.  Basalt  with  olivine,  forming  a  thick  irregular  bed,  which  in  some  places  is  black  and 
compact,  in  others  green,  earthy  and  amygdaloidal.  The  upper  jmrt  is  particularly 
cellular. 

4.  Sandstones  forming  a  thick  group  of  beds  which  have  long  been  quarried  for  building- 
stone  at  the  Grange  and  elsewhere. 

3.  Black  shales. 

2.  Limestone  (Burdiehouse). 

1.  Sandstones,  shales  and  thin  limestones  forming  the  strata  at  Burntisland  through 
which  the  sills  of  that  district  have  been  injected  (Fig.  159). 


The  phenomena  of  sills  are  abundantly  developed  among  the  Carbon- 
iferous rocks  of  the  basin  of  the  Firth  of  Forth,  and  some  of  the  more 
remarkable  examples  in  this  district  have  been  already  cited.  Taking  now 
a  general  survey  of  this  part  of  the  volcanic  history,  I  may  observe  that  if 
the  sills  are  for  a  moment  considered  simply  as  they  appear  at  the  surface, 
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and  apart  from  the  geological  horizons  on  which  they  lie,  they  form  a  wide 
ring  surrounding  the  Falkirk  and  Stirlingshii'e  coal-field. 

Beginning  at  the  Abbey  Craig,  near  Stirling,  we  may  trace  this  ring  as 
a  continuous  belt  of  high  ground  from  Stirling  to  the  River  Can*on.  Thence 
it  splits  up  into  minor  masses  in  different  portions  of  the  Carboniferous 
system,  and  doubtless  belonging  to  different  periods  of  volcanic  disturbance, 
but  yet  sweeping  as  a  whole  across  the  north-eastern  part  of  the  Clyde 
coal-field,  and  then  circling  round  into  Stirlingshire  and  Linlithgowshire. 
There  are  no  visible  masses  to  fill  up  the  portion  of  the  ring  back  to  Abbey 
Craig.  But  through  Linlithgowshire  and  the  west  of  Edinburghshire  a 
number  of  intrusive  sheets  form  an  eastward  prolongation  of  the  ring. 
Large  as  some  of  these  sheets  are  at  the  surface,  for  they  sometimes  exceed  two 
or  three  square  miles  in  area,  a  much  larger  portion  of  their  mass  is  generally 
concealed  below  ground.  Mining  operations,  for  example,  have  proved  that 
in  the  south-east  of  Linlithgowshire  areas  of  intrusive  rock  which  appear  as 
detached  bosses  or  bands  at  tlie  surface  an?  connected  underneath  as  por- 
tions of  one  continuous  sill,  which  must  be  several  sc^uare  miles  in  extent. 

But  it  is  in  Fife  that  the  sills  reach  their  gieatest  development  among 
the  Carboniferous  rocks  of  Scotland  (Fig.  172).  A  nearly  continuous  belt  of 
them  runs  from  the  Cult  Hill  near  Saline  on  the  west,  to  near  St.  Andrews 

West  Lomond  (J7i3/y) 

e     6  :/iuchttrderran. 


2         /4    6^3 

Fk;.  172.  -Section  across  the  Fife  baud  of  Sills. 

1.  Upper  Old  Rwl  Sandstone ;  2.  CalclferouH  Sandstones ;  W.  CarbonlfemtiH  LiniMtone  wrles  ;  4.  Millstone  Grit ; 

5.  Coal-measures  ;  (5.  Dolerite  «llls.   /,  Fault. 

on  the  east,  a  distance  of  about  ::>5  miles.  This  remarkable  band 
is  connected  with  a  less  extensive  one,  which  extends  from  Torrvburn  on 
the  west,  to  near  Kirkcaldy  on  the  etist.  In  two  districts  of  the  Fife  region 
of  sills,  a  connection  seems  to  Ije  traceable  between  the  intrusive  sheets  and 
volcanic  vents,  at  least  groups  of  necks  are  found  in  the  midst  of  the  sills. 
One  of  these  districts  is  that  of  the  Saline  Hills  alreadv  described,  the  other 
is  that  of  Burntisland.  In  the  latter  case  the  evidence  is  especially  striking, 
for  the  vents  are  connected  above  with  bedded  lavas  and  tuffs,  while  l)elow 
lie  three  well-marked  sills  (Fig.  159). 

It  is  certainly  worthy  of  remark  that  sills  are  generally  absent  from 
those  arejis  where  no  traces  of  contemporaneous  volcanic  activity  are  to  be 
found.  No  contrast  in  this  resj)ect  can  be  stronger  than  that  between  the 
ground  to  the  east  and  west  of  the  old  axis  of  the  rentland  Hills.  In  the 
western  district,  where  the  puys  are  so  well  disiJayed,  sills  abound,  but  in 
the  eastern  tract  both  disappear. 

Another  question  of  importance  in  dealing  with  the  history  of  these  sills 
is  their  stratigraphical  position,     liy  far  the  larger  proportion  of  them  lies 
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in  the  Carboniferous  Limestone  series.  Thus  the  great  sill  between  Stirling 
and  Kilsyth  keeps  among  the  lower  parts  of  that  series.  On  the  same 
general  horizon  are  the  vast  sheets  of  dolerite  which  stretch  through  Fife  in 
the  chain  of  the  Cult,  Cleish,  and  Lomond  Hills  on  the  one  side,  and  in  the 
eminences  from  Torryburn  to  Kinghorn  on  the  other,  though  the  intrusive 
material  sometimes  descends  almost  to  the  Old  Eed  Sandstone.  In  Linlith- 
gowshire and  Edinburghshire,  as  well  as  in  the  south  of  Fife,  the  sills 
traverse  the  Calciferous  Sandstone  groups. 

If  the  horizons  of  the  sills  furnished  any  reliable  clue  to  their  age,  it 
might  be  inferred  that  the  rocks  were  all  intruded  during  the  Carboniferous 
period,  and  as  most  of  them  lie  beneath  the  upper  stratigraphical  limit  of 
the  puy-eruptions,  the  further  deduction  might  be  drawn  that  they  are 
connected  with  these  eruptions.  I  have  little  doubt  that  in  a  general  sense 
both  conclusions  are  well-founded.  But  that  there  are  exceptions  to  the 
generalization  must  be  frankly  conceded.  On  close  examination  it  will  be 
observed  that  the  same  intrusive  mass  sometimes  extends  from  the  lower 
into  the  upper  parts  of  the  Carboniferous  groups.  Thus,  in  the  west  of 
Linlithgowshire,  a  lai^e  protrusion  which  lies  upon  the  Upper  Limestones, 
crosses  most  of  the  Millstone  Grit,  and  reaches  up  almost  as  high  as  the 
Coal-measures.  Again,  in  Fife,  to  the  east  of  Loch  Leven,  a  spur  of  the 
great  Lomond  sill,  crossing  the  Carboniferous  limestone,  advances  southward 
into  the  coal-field  of  Kinglassie.  In  Stirlingshire  and  Lanarkshire  numer- 
ous large  dolerite  sheets  have  invaded  the  Millstone  Grit  and  Coal-measures, 
including  even  the  upper  red  sandstones,  wliich  form  the  top  of  the  Carbon- 
iferous system  in  this  region.  It  is  thus  obvious  that  if  the  puy-eruptions 
in  the  basin  of  the  Forth  ceased  towards  the  close  of  the  deposition  of  the 
Carboniferous  Limestone  series,  there  must  have  been  a  subsequent  injection 
of  basic  lava  on  a  gigantic  scale  in  central  Scotland.  I  shall  recur  to  this 
subject  in  Chapter  xxxi. 

2.    NORTH    OF    AYRSHIRE 

In  this  part  of  the  country  another  group  of  puys  and  their  associated 
tuffs  and  lavas  may  be  traced  from  near  Dairy  on  the  west,  to  near  Galston 


N^arMket  Castle 


Cunningham 


Fig.  173. — Section  across  the  Up|>er  Volcanic  Band  of  north  Ayrshire.     Length  about  four  miles. 

1.  Ainlesite  lavas  of  the  Cly<le  Plateau :  2.  Tiifl^  cloBinff  the  Plateau  volcanic  series ;  3.  Hurlet  LimestoiiH  ; 
4.  CarboniferuuR  LimeHtone  serieH  with  coal-seaiiis ;  6.  Lower  tuff  zone  of  tlie  Ui)i)er  volcanic  l>and  ;  0. 
Basic  lavas;  7.  Upiwft  tuff  zone ;  8.  Basic  nil  1 ;  f».  Coal-measures. 


on  the  east  (Map  IV.).  The  length  of  the  tract  is  alx)ut  sixteen  miles,  while 
its  breadth  varies  from  about  a  furlong  to  nearly  a  mile  and  a  half  I  have 
had  occasion  to  allude  to  this  marked  band  of  volcanic  materials  which  here 
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intervenes  between  the  Carboniferous  Limestone  and  the  Coal-measures,  and 
from  its  position  appears  to  mark  the  latest  Carboniferous  volcanoes.  Its 
component  rocks  reach  a  thickness  of  sometimes  600  feet,  and  as  they  dip 
southwards  under  the  Coal-measures,  they  may  extend  for  some  distance  in 
that  direction.  They  have  been  met  with  in  l)orings  sunk  through  the 
northern  part  of  the  Irvine  coalfield.  Even  what  of  them  can  be  seen  at 
the  surface,  in  spite  of  the  effects  of  faults  and  denudation,  shows  that  they 
form  one  of  the  most  persistant  platforms  of  volcanic  rock  among  the  puy- 
eruptions  of  Scotland. 

Where  best  developed  this  volcanic  band  ha,s  a  zone  of  tuff'  at  the 
l)ottom,  a  central  and  much  thicker  zone  of  bedded  l)asalts,  and  an  upper 
group  of  tuffs,  on  wliich  the  Coal-measures  rest  conformably.  A  few  vents, 
probably  connected  with  it,  are  to  be  seen  at  tlie  surface  between  Fenwick 
and  Ardrossan.  But  others  have  been  buried  under  the  Carboniferous  sedi- 
mentary rocks,  and,  as  already  described,  have  been  discovered  in  the  under- 
ground workings  for  coal  and  ironstone  (p.  434).  These  mining  oj)erations 
have,  indeed,  revealed  the  presence  of  far  more  volcanic  material  below 
ground  than  would  be  surmized  from  what  can  be  seen  at  the  surface. 
Here  and  there,  thin  layers  of  tuff'  appear  in  brook-sections,  indicating  what 
might  be  conjectured  to  have  been  trifling  discharges  of  volcanic  material. 
But  the  prosecution  of  the  ironstone-mining  has  proved  that,  at  the  time 
when  the  seam  of  Blackl)and  Ironstone  of  that  district  was  accumulated,  the 
floor  of  the  shallow  sea  or  lagoon  where  this  deposition  took  place  was  dotted 
over  with  cones  of  tuff',  in  the  hollows  between  which  the  ferruginous  and 
other  sediments  gathered  into  layei-s.  That  seam  is  in  one  place  thick  and 
of  good  quality ;  yet  only  a  short  distance  off'  it  is  found  to  be  so  mixed 
with  fine  tuff*  as  to  be  worthless,  and  even  to  die  out  altogether.^ 


3.    LIDDKSDALE 


A  remarkable  development  of  puys  lies  in  that  little-visited  tract  of 
country  which  stretches  from  the  valleys  of  the  Teviot  and  Rule  Water 
south-westwards  across  the  high  moorland  watershed,  and  down  Liddesdale. 
Through  this  district  a  zone  of  bedded  oli vine-basalts  and  associated  tuffs 
runs  in  a  broken  band  which,  owing  to  numerous  faults  and  extensive 
denudation,  covers  now  only  a  few  scattered  patches  of  the  site  over  which 
it  once  spread.  The  geological  horizon  of  this  zone  lies  in  the  Calciferous 
Sandstones,  many  hundred  feet  al)ove  the  position  of  the  top  of  the  plateau- 
lavas  (Map  IV.). 

So  great  an  amount  of  material  has  been  here  removed  by  denudation 
that  not  only  has  the  volcanic  zone  been  l)ared  away,  l)ut  the  vents  which 
supplied  its  materials  have  been  revealed  in  the  most  remarkable  manner 
over  an  area  some  twenty  miles  long  and  eight  miles  broad.  Upwards  of 
forty  necks  of  agglomerate  may  be  seen  in  this  district,  rising  through  the 
Silurian,  Old  Red  Sandstone,  and  lowest  Carboniferous  rocks.      It  fills  the 

^  See  Explanation  of  Sheet  22,  Gcol.  Suin:.  of  Scotland,  pan*.  29,  33,  45. 
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geologist  with  wonder  to  meet  witli  those  stumps  of  old  volcanoes  far  to  the 
west  among  the  Silurian  lowlands,  sometimes  fully  ten  miles  away  from  the 
nearest  relic  of  the  bedded  lavas  connected  with  them.^  That  these  vents, 
though  they  rose  through  ground  which  at  tlie  time  of  their  activity  was 
covered  with  the  volcanic  series  of  the  plateaux,  do  not  belong  to  that  series, 
but  are  of  younger  date,  has  been  proved  in   several  cases  by  Mr.  Peach. 


Pia.  174.— Sectiou  Khowing  the  ci 
I.  L'pper  Silurian  aInU:  i.  Ul-pfr  OIJ  Hcl 


flin :  A.  Agelomeratt 
» :  «.  Thick  C^rbon- 
iUi  Ui«  piiys ;  <>.  Ab- 


He  has  found  that  among  the  blocks  composing  their  agglomerates,  pieces 
of  the  sandstones,  fossiliferoxis  limestones  and  ahalea  of  the  Cement-stone 
group,  overlying  the  plateau-lavas,  are  to  be  recognized.  These  vents  were 
therefore  drilled  through  some  part  at  least  of  the  Calciferous  Sandstones, 
which  are  thus  shown  to  liave  extended  across  the  tract  dotted  with  vents. 
After  the  volcanic  activity  ceased,  fragments  of  these  strata  tumbled  down 
from  the  sides  into  the  funnels.  Denudation  has  since  stripped  off  the 
Calciferous  Sandstones,  but  the  pieces  detached  from  them,  and  sealed  up  at 
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a  lower  level  in  the  agglomerates,  still  remain,  ilr.  Peach's  obser\-ations 
indicate  to  how  considerable  an  extent  sagging  of  the  walls  of  these  orifices 
took  place,  with  the  precipitation  not  merely  of  blocks,  but  of  enormous 
masses  of  rock,  into  the  volcanic  chiirmeys.  In  one  instance,  between 
Tudhope  Hill  and  Anton  Heights,  a  long  neck,  or  perhaps  group  of  necks, 
which  crosses  the  watershed,  shows  a  mass  of  the  red  sandstone  many  acres 
in  extent,  and  lai^e  enough  to  be  insei'ted  on  the  one-inch  map,  which  has 
fallen  into  the  vent  (Fig.  175). 

The  materials  ejected  from  the  Liddesdale  vents  include  both  basaltic 
lavas   and   tuffs.     The   former   are   sometimes   highly  vesicular,  especially 
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along  the  upper  parts  of  the  flows.  They  are  thickest  towards  the  north, 
and  in  Windburgh  Hill  attain  a  depth  of  at  least  JiOO  or  400  feet.  In 
that  part  of  the  district  they  form  the  lower  and  main  part  of  the  volcanic 
series,  being  there  covered  by  a  group  of  tuffs.  But  a  few  miles  southwards, 
not  far  to  the  west  of  Kershopefoot,  they  die  out.  The  tufls  tlien  form  the 
whole  of  the  volcanic  liand  which,  intercalated  in  a  well-marked  group  of 
limestones,  can  be  followed  across  the  moors  for  some  six  miles  into  the 
valley  of  the  Esk,  where  an  interesting  section  of  them  and  of  the  associated 
limestone  and  shales  is  exposed  (Fig.  174).  At  Kershopefoot,  a  higher 
band  of  Imsic  lava  overlies  the  Kershopefoot  limestone,  and  can  be  traced  in 
scattered  patches  both  on  the  Scottish  and  English  side  of  the  Border. 
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